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ABSTRACT

Yabbies have the ability to regenerate lost limbs. Loss of a limb results in the
growth of a limb bud. Development of this new limb involves many developing stages
until the new limb becomes morphologically and physiologically virtually
indistinguishable from its predecessor. In the yabby, the claw becomes functional
after the first moult when the dactyl becomes moveable. However, the muscle fibres
are able to develop force and appear to be functioning before the dactyl becomes
moveable and the claw is operational (West eta/., 1995).

This study aimed to document morphological stages of claw regeneration and
determine sequence and protein appearance of all fibre types in the claw closer

muscle ofyabby, Cherax a/bidus.

The regenerating limbs were harvested at strategic f'ages, and the contralateral
pristine claw was taken as a control. The stages of re-growth sampled were an

unsegmented limb (papilla), a limb with a closed dactyl, an early stage of the limb
with an open dactyl, and a fully regenerated limb. Fast (SL< 4fim) and slow (SL>
8f!m) fibres were isolated from pristine and regenerating claw muscle of the yabby, C.
albidus. Muscle tissue was taken from the papilla and closed dactyls.

Myofibrillar proteins in fibres from the pristine claw closer muscle were
identified using SDS-PAGE gel electrophoresis. Fibres contained numerous isoforms
of structural and regulatory proteins in assemblages correlated with fibre type. One
fast (F) and one slow (S2) fibre types were identified. All F fibres possessed two
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isofonns ofparamyosin (P 1 and P2), while all slow (S2) fibres contained only the 1'2
variant. Slow (S2 ) fibres were distinguished by the distribution of a large isoform of

troponin T (T 1), while fast fibres contained an unidentified 75K protein. Fast and slow
fibres also differed in the assemblage of other regulatory proteins. The ratio between
myosin heavy chain to actin in both fast and slow (S2) fibres was greater than one.

During the initial stages of claw regeneration, the tissue contained
undifferentiated muscle mass surrounded by large numbers of dense structures that

were possibly haemocytes or nuclei. Protein profiles by SDS-PAGE revealed an
extremely large amount of an 88K protein.

The closer muscle does not differentiate until the closed dactyl stage where
myofibrils were found to contain scattered fragments of sarcomeres. Sarcomere length

of these myofibrils were of intennediate type. Mature, fully differentiated myofibrils
(complete sarcomeres) had a short sarcomere length characteristic of fast fibres.
Myofibrillar protein analysis by SDS-PAGE could not confinn fibre type. Most
proteins from both fibre types were present at this stage. Throughout this phase, the
ratio of myosin heavy chain to actin was less than one.

Once the dactyl opened, the appearance, sarcomere lengths and protein
profiles of the muscle fibres were indistinguishable from pristine fibres, and both fast
and slow fibres were present. However the ratio of myosin heavy chain to actin in

slow muscle fibres was approximately equal to one, fast muscle fibres contained a
ratio greater than one. Results obtained also showed there was a greater proportion of
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slow fibres (65%) in the open dactyl than in pristine claws (I 0%). The muscle fibres
of fully regenerated claws were indistinguishable in all aspects from pristine claws.
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I. INTRODUCTION

1.1 Limb Autotom}' and Regeneration in Crustaceans

Crustaceans have a remarkable tlbility of dropping an entrapped or
endangered limb by breaking it ofT at a preformed fracture plane, thus allowing the
animal to escape (Govind t•t a/.. 1991 ). Limb autotomy invoh·cs linlc los<; of blood

because an autotomy membrane co\·ers the wound in a shon period of time. therefore
the animal usually lives to regenerate a new limb. The ability to autotomize a limb
varies not only between species, or within a species, but also within an indh·idual, in
that the chelipeds autotomize more readily than the walking legs (Govind et a/.,
1991). This is also the case for Cherax destntctor (West. 1997).

Although crustaceans have the ability of epimorphic regeneration, they have
in general only a very limitr:d capability of tissue regeneration (Bliss. 1982). It
appears that crustaceans prefer to regenerate an entire limb rather than mend
damaged tissue, and they will often autotomize a damaged or experimentally
manipulated limb. Loss of limb results in the growth of a limb bud. which after a
single moult is a small functional replica of the original limb (\Vest eta/., 1995).
Although smaller in size initially, the regenemte limb grows over several moult
cycles to assume pristine proportion, at which time there is little to distinguish it from
the original limb (Govind eta/., 1991). A similar degree of fidelity applies internally,
at least with muscles that regenerate the same fibre types as the original in the claw
closer muscles in lobsters as well as in crayfish (Govind & Pearce, 1985) including
yabbies (\Vest et a/., 1995).
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Shortly after autotomy in the cmb, the vascular cavities at the distal end of the
coxal slump become filled \\ith a dense mass of nucleated blood corpuscles
(Andrews. 1890). lbc blood cells soon degenerate and arc n:movcd with the cuticle

membrane. The rcgcnerati\'c process is initiated by epidermal cells which migrate
across the wound. fanning a layer over the injured surface and then multiply by
mitotic division and evaginate to form the new bud (Andrews, 1890 ). The initial sign
of regeneration occurs as the blastema erupts from the coxal stump (Figure 1.1: stage

I) followed by its elongation into an undifferentiated papilla (Figure 1.1: stage 2)
(Holland & Skinner, 1976). Early in the development, a longitudinal furrow appears
at the tip of the growing limb bud (Figure 1.1: stage 2) and over a shon time the limb
bud forms into various segments (Figure 1.1: stage 3) (Bliss, 1982). Already in onemillimeter limb regenerates of crabs, tissue differentiation is accompanied by

segmentation (Holland & Skinner, 1976). Such miniature limbs with clearly defined
segments are mobile and can be drawn close to the body. Three millimeter long

regenerates in crabs can be autotomized if stimulated, indicating that functional
connections have been re-established to the autotomy muscles located in the basiischium of the old limb (Holland & Skinner, 1976). 1 1uring the third moult, the
regenerated limb is withdrawn from its chitinous sac and appears to be a normally
functioning limb as the dactyl is able to open and close (Figure 1.1: stage 4) (Holland
& Skinner, 1976). On the other hand according, to Emmel (1910), if a complete coxa

has developed by the first moult after ampulation, a normal limb bud forms and is
completely developed by the second ntoult.

Correspondingly, yabbies undergo similar developing stages. In Chmtr
destructor, myofibrils from a regenerating claw can be activated before the first

•
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moult, suggesting muscle fibres become functional before the claw becomes
functional (West et al., 1995). After the first moult, the dactyl is able to open and
close therefore the regenerating chela of Cherax destructor becomes functional
(West et al., 1995). The developing stages of regenerating chela are shown in Figure
1.1.

Stage 1

Stage 2

Stage 3

Stage 4
(after moult)

Figure 1.1 Regeneration of chela showing the morphology at different developing
stages in decapods (Bliss, 1982). After amputation at the performed breakage plane,
the blastema (BL) appears from the coxal stump (CS) (Stage I limb bud) followed by
its elongation into a papilla (PL ). Evagination in the distal tip of the papilla marks the
beginning of segmentation by dividing this region into the dactyl (DA) and propus
(PP) segments (Stage 2 limb bud). Following this, the limb bud (EB) becomes
segmented (Stage 3 limb bud) and after moulting the limb bud becomes functional as
the dactyl is able to open and close (Stage 4 limb bud).
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The direction of diiTcrcntiation in rcgcncmting limbs of many crustaceans is a
subject of controversy. Studies have sh0\\'11 that differentiation in crayfish chcluc
proceeds from the base to the tip. while the reverse is true for walking legs (Emmel,

191 0). Emmel ( 191 0) showed thal direction of differentiation in regenerating limbs
of lobsters could not be described as being any more a disto-proximal one than the
reverse. Which direction differentiation takes place may be influenced by the

properties of the limb (Emmel, 1910).

1.2 Properties of Pristine Crayfish Muscle
1.2.1 Anatomy of Crayfish Claw Muscle

In the claws of crustaceans, the muscle is pinnate (Figure 1.2); this means that
the fibres are arranged at an angle relative to the apodeme. This arrangement greatly
increases their mechanical advantage compared to muscle arranged parallel to the

direction of the pull (Schmidt-Nielsen, 1993). Resulting from this pinnate
arrangement, the closing muscle can exert about twice as much force than if it were

parallel-fibred to the apodeme (Schmidt-Nielsen, 1993). The pinnate arrangement
also permits the muscle to thicken during contraction, which otherwise would be
impossible within the confined space of the claw (Schmidt-Nielsen, 1993). The
cavity of the claw can be almost completely filled with muscle because of the pinnate
arrangement. The angle in the muscle is changed as the fibres shorten so that there is
space for the thickening (Schmidt-Nielsen, 1993). As a parallel-fibred muscle
contracts, its cross section increases, and in the rigid enclosure of the claw, this

would cause difficulties (Schmidt-Nielsen, 1993).
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The decapod claw comprises of a propus (PP) and a movable dactyl (DA)
(Figure 12). Internally, the claw contains muscle fibres that attach at one end of the
{If

carapace and at the other to an apodeme (Figure 1.2) (West, 1997). Decapod
cmstacean muscle cells attach to the exoskeleton via tendinous cells, which lie
between the ends of the muscle cells, and the basal surface of the cuticle (Jalu:omi &
Atwood, 1976).

PP

apodemes

Muscle

DA
Section A-A

Figure 1.2 The pinnate arrangement and the position of the apodeme in the claw
closer muscle of a decapod. (PP), propus; (DA), movable dactyl. (Schmidt-Nielsen,
1993).

'·
1.2.2 Crustacean Muscle Fibre Types

An individual crustacean muscle is oflcn composed of different muscle fibre
types that differ in ultrastructure, innervation. contractile activalion properties and
protein composition (Atwood. 1973; Myklcs. 1985: Neil el a/.. 1993: West. 1997).

n-. major goal of fibre typing is the matching of'fibrc type' characteristics with the

mechanical properties of the muscle fibres. Physiological, morphological.
histochemical and electrophoretic methods have been used to classify crustacean

muscle fibres (Mykles, 1985).

Crustacean muscles have by far the widest range of sarcomere lengths known

in the Animal Kingdom, ranging from less than I J.lm to almost I7J.1m (Atwood.
1973). It has been well established that in crustaceans there is a correlation between
average sarcomere length and speed of muscle contraction (Ogonowski et a/., 1980).
When tested individually, fibres with short sarcomeres have been found to have short
contraction and relaxation times. There is a progressive decrease in the speeds of
both contraction and relaxation with increasing sarcomere length, twitch time

possibly being logarithmically related to sarcomere length (Table 1.1) (Hoyle eta/.,
1983).

Sarcomere length measurements, while useful, do not always accurately
predict physiological performance (Silverman eta/., 1987). Sarcomere length alone
cannot distinguish between different variations of the same fibre type (West eta/.,
1995). Intermediate sarcomere length does not necessarily represent intermediate
contractile speeds (Silverman eta/., 1987). Some fibres cannot be grouped in either
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category, and it has been found that analysis of protein isol(mns constitutes a more

precise method in identifying fibre types (Silverman elal., 1987).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

involves the separation of proteins according to the size (molecular weight) of the
molecules within a single muscle fibre (Hames & Rickwood, 1990). Characterization

of discrete protein isoforms found in muscle showing specific slow or fast contractile
speeds has been used in phenotypic identification of individual muscle fibres
(Silverman eta/., 1987). SDS-PAGE in combination with sarcomere length
measurements has revealed two types of slow fibres (S 1 and S2) and one type of fast
fibre (F) in the claw closer muscle of the lobster Homarus americanus (Mykles,
1985), and the muscles of many other species of decapod crustaceans (Costello &
Govind, 1984; Maier eta/., 1984; Mykles, 1985; Quigley & Mellon, 1984; Silverman

et al., 1987). The two slow fibre types can be distinguished also on the basis of
sarcomere length even though this method of fibre typing is considered not as
accurate (Neil eta/., 1993). These two fibre types also have distinct contractile,
histochemical and biochemical profiles (Mykles 1985b, 1988). In physiological
studies, S, and S, fibres are characterised as slow-twitch and slow-tonic fibres
respectively (Neil eta/., 1993).

1.2.3 Force Production and Distribution of Muscle Fibre Types

An interesting aspect of crustacean muscle is multiple innervation. Two or
more nerve fibres may innervate individual muscle fibres. In addition, a whole
muscle is often innervated by only a few or a single axon. This results in the whole

•
muscle acting much as a single unit (Schmidt-Nielsen. I993 ). Conlr.tction of a
skeletal muscle along its long axis [u.:ilitalcs the quantitative measurement of length
and tension. which can be related to l..'n:nts at the molecular level (Bagshaw. I<J93 ;.
Any one muscle may consist of only slow fibres. only fast fihrcs. or a mixture of both

(Schmidt-Nielsen. 1993 ). The main functional diffcretlCC is that fast fibres are used
for rapid movements. and slow fibres are used to maintain prolonged contractions

(Schmidt-Nielsen. 1993; West eta/.. 1995).

The gross morphology and function of the claw influence the distribution of
different fibre types in the decapod claw. The American lobster Homarus

americanus, and the snapping shrimp Alpheus heterochelis, have chelae that are
asymmetrical. In the large crusher claw the muscle is composed almost entirely of

slow fibres (Costello & Govind, 1984; Mykles, 1985). This claw closes very slowly
but with great force. In contrast, the smaller, finer cutter claw contains 65- 70 % fast
fibres, the remainder being slow fibres (Costello & Govind, 1984; Mykles, 1985).
Fast fibres are capable of much faster contractions but produce less force per unit
cross-sectional area when compared with fibres from the crusher claw (slow fibres)
(Mykles, 1985ab, 1988).

The function of slow-tonic fibres (S2) is also suggested by their occurrence in
certain muscles in which they dominate. These include the snapper claw closer
muscle of the snapping shrimp and minor claw closer muscle of the male fiddler
crab, Uca pugnox.lt is typical that these muscles sustain tensions for long periods
without tiring. The closer muscle in the snapper claw builds tension over hundreds of
milliseconds before the dactyl is released to produce its characteristic sound in the

snapping shrimp (Mykles, 1988). Slow-tonic (S 2) fibres in the claw of crustaceans
also appear to aid in maintaining the dactyl in a closed position for long periods; it
has been suggested that this is important in capturing and subduing prey (Mykles,

1988). The distribution of slow-tonic (S 2) fibres in crab claw closer muscle supports
this hypothesis.

In the Australian freshwater crustacea Cherax a/bidus and Cherax destructor,

the claws arc symmetrical. Both fast and slow fibres are found in the claw muscles of
Cherax destructor (West eta/., 1995). Fast and slow fibres are found in

approximately equal proportions in each claw and therefore there is no obvious

difference between the force produced by each of the claws (West eta/., 1995).

1.2.4 Ultrastructural Characteristics of Muscle Fibre Types

The structure of skeletal muscle is unifonn whether it is from mammalian or

crustacean muscle (Schmidt-Nielsen, 1993). Skeletal muscle is made up of a large
number of fibres, each of which may be several centimetres long (Bagshaw, 1993).
Each fibre is composed of many myofibrils (Figure 1.3A). Each myofibril consists of
a chain of tiny contractile units, or sarcomeres, which give the myofibril its striated
appearance. A series of broad light and dark bands can be seen in each sarcomere
(Figure l.3A); a dense line in the center of each light band separates one sarcomere
from the next and is known as the Z line (Figure 1.3A) (Alberts ei a/., 1994).

Each sarcomere comprises a precisely arranged assembly of parallel and
partly overlapping filaments. Thick filaments are composed of myosin and
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paramyosin, while thin filaments are composed of actin and regulatory proteins
(Figure l.JB). Sarcomere shortening is caused by the myosin filaments sliding past

the actin filaments with no change in the length of either type of filament (Alberts et
a/., 1994).

The force-generating molecular interaction takes place only when a signal

passes to the skeletal muscle from its motor nerve (Alberts eta/., 1994). The signal
from the nerve triggers an action potential in the muscle cell plasma membrane that

spreads around each myofibril (Alberts eta/., 1994). The action potential triggers
calciwn to be released in the muscle fibres, this in turn initiates a contraction. The
immediate source of energy for a muscle contraction is adenosine triphosphate (ATP)

(Schmidt-Nielsen, 1993).

A muscle may compose of different fibre types that are characterised by
many properties. According to West (1997), slow fibres in Cherax destructor have
long A bands and a resting sarcomere length (SL) greater than 6 J.lm. The Z lines
have a ragged zig-zagged appearance and do not always run perpendicular to the
fibre axis (West, 1997). An H zone is not clearly visible. Fast fibres have a shorter A
band length and a resting sarcomeres length less than 4 J.lm. The Z lines are straight
and run perpendicular to the fibre axis, the H zone can be clearly distinguished in this
fibre type (Table l.l)(West, 1997). The relatively strong contractions of longsarcomere fibres are probably due to a greater interaction between thick and thin
filaments within each sarcomere (Jaltromi & Atwood, 1969; cited by Atwood, 1973).
The frequent occurrence of rapid electrical responses (spikes or large graded
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responses) often contributes to the achievement of rapid contraction in short;~-

sarcomere fibres (Atwood, I 973).
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Figure 1.3 (A) The organisation and structure of mammalian skeletal muscle

(Bagshaw, I 993). (B) The molecular organisation of thick and thin filaments of
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skeletal muscle at a rested state (left) and at a contracted state (right) (Becker eta/ ..
1996).
1.2.5 Myofibrillar Protein Composition of Crustacean Muscle Fibres

Sarcomeres arc made up of contractile. regulatory and cytoskelctal proteins.
The contractile proteins include myosin, paramyosin and actin that comprise up to
80% of the structural proteins present in striated muscle (Bagshaw, 1993). In

addition, regulatory proteins present consist of troponin and tropomyosin.
Tropomyosin wraps around the actin to form and strengthen the thin filament (Figure
1.38). Tropomyosin acts as a structural mechanism for regulation, inhibiting a

transition in the myosin head from a weak to strong actin binding state rather than
blocking binding to actin itself (Figure 1.3B) (Bagshaw, 1993). One troponin

complex is bound to each tropomyosin dimer. The complete troponin complex
functions to transmit the message on calcium binding, to the actomyosin interaction
site via a concerted series of allosteric events (Figure 1.3B) (Bagshaw, 1993).
Troponin 1N comprises of three subunits, designated Tn-1. Tn-T and Tn-C (Figure
1.38). Structural studies showed that Tn-C belongs to the calcium binding protein
family which functions to mediate calcium-signalled responses (Bagshaw, 1993 ). Tn1 is the inhibitory subunit that binds to actin and Tn-T binds to the tropomyosin
(Figure 138).

Each fibre type contains numerous isoforms of these regulatory and
conllllctile proteins. More than one isoform of a myofibrillar protein can be

expressed in a single fibre, forming unique assemblages by which subgroups can be
discriminated within the broader categories of fast and slow fibres (Mykles, 1985).

I)

Fast and slow crustacean fibres differ qualitatively and quantitatively in the

composition of protein isoforms (Myklcs, 1985; 1988). Myofibrillar proteins in
single muscle fibres of the claws of American lobster, Homarus americanus, and the
claws of fiddler crab, Uca pugnox, and land crab, Gecarcinus lalera/is, have been

analysed with SDS-PAGE (Mykles, 1985).

Within the claws of the American lobster, fiddler crab and land crab,
electrophoretic banding patterns (SDS-PAGE) of myofibrillar proteins show
similarity in fast and slow fibres. These proteins include myosin heavy chain, myosin

a-light chain, myosin Jl-light chain, pararnyosin, actin, troponin-T, troponin-1,
troponin-C, tropomyosin, and a-actinin (Figure 1.4) (Mykles, 1985; Neil eta/.,
1993). The difference in fibre types in regulatory proteins (troponin-T, -I, -C and
tropomyosin) suggests differences in the regulation by calcium of the interaction of
myosin and actin (Mykles, 1985). Several cytoskeletal proteins have been identified.
among them a~actinin, titin and nebulin, which help maintain the structure of the

sarcomere (Bagshaw, 1993).

Myosin from lobster fast and slow muscles, in both heavy and light chain
composition appeared similar when one-<iimensional SDS-PAGE is used (Costello
& Govind,l984; Mykles, 1985ab, 1988). Isoforms of myosin light chain were

similar between fast and slow muscles in all crustacean species examined, which
includes lobster, fiddler crab and land crab (Costello & Govind, 1984; Mykles,
1985ab, 1988; Govind et a/., 1986). Lobster myosin contained two groups of light
chains (LC) termed 'a' and 'Jl'. There were three isoforms of myosin aLC and two
isoforms of myosin JlLC. On rare occasions, multiple isoforms of myosin heavy
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chain have been observed using one-dimensional SDS-PAGE. Two myosin heavy
chain isofonns have been observed in the male fiddler crab claw muscles (Govim! e/
a/.,

1986). As a result. the dimorphic claws in the male fiddler crab contained distinct

slow-fibre types. Another example includes the snapping shrimp where three myosin
heavy chain isofonns have been distinguished using one-dimensional SDS-PAGE

(Quigley & Mellon, 1984).

The physiological significance of the various isofonns of myosin light chains

remains unclear (Mykles, 1988). Myosin light chains from decapod fast and slow
fibres were identical using two-dimensional PAGE (Li & Mykles,

1~90).

These

results were established on the basis of size and net charge. The difference in fatigue
resistance between fast and slow myosin have therefore been attributed solely to

myosin heavy chain isofonn composition (Li & Mykles, 1990). There were a number
of reports available for the differences in myosin from

crustact~

fast and slow

muscles (Li & Mykles, 1990; Mykles, 1985ab; Neil eta/., 1993; Quigley & Mellon,
1984). Analysis of myosin by peptide mapping has been effective in discriminating
heavy chain isofonns in decapods (Neil et a/., 1993 ). Different decapod fibre types
differed in populations ofpeptides. The myosin from the American lobster in fast,
slow-twitch (S 1) and slow-tonic (S 2) fibre types yield distinctly different populations
of digested fragments, suggesting that they contain different polypeptide sequences
(Neil eta/., 1993). Lobster, Homarus americanus, slow and fast myosin from claw
closer muscles produce seven peptides unique to slow muscle myosin and eleven
peptides unique to fast muscle myosin (Li & Mykles, 1990).

I5

Crustacean fast and slow fibres differ qualitatively and quantitatively in the
composition of isoforms of paramyosin JJnd troponin subunits (Myklcs, 1985ab,

1988). All fast fibres possess two isofonns of paramyosin (P 1 and P,), while all slow
fibres. with the exception of those from Uca major claw, possess only the P2 isoform,

which is slightly smaller in molecular weight than the principal isoform (Figure 1.4)
(Mykles, 1985ab, 1988). Paramyosin constitutes the core of the thick myofilament,
although unfortunately, the function ofparamyosin in crustacean muscle is unknown

(Pollack, 1990). Mykles (1988) suggests the two isofonns of pararnyosin may result
from structural, rather than contractile, differences between the two fibre types.
However, it is suggested that paramyosin found in molluscan muscle gives rise to
'catch', the tonic contracture that can keep the calm shell shut for extended periods

without sufficient energy expenditure (Pollack, 1990). The 'catch' phenomenon
represents a form of low-frequency tetanus of a naturally very slow muscle (Hoyle &
Lowy, 1956; cited in Hoyle, 1983). It is suggested that the different isoforms of
paramyosin in crustacean muscle could self-assemble to fonn thick myofilarnents of
different lengths and thus determine the width of the A band, which differs by
approximately four-fold between fast and slow fibres (Mykles, 1988). The Uca claw,
although classified as a slow muscle, also contains P, as a major isoform. The A
bands have similar widths in both fibres and thus the function of these isoforms
remains unknown (Govind eta/., 1986). Moreover, it appears that pararnyosin
expression alone may not be useful in identifYing unambiguously fast and slow fibre
types in muscles with unknown contractile characteristics (Mykles, 1988).

Regulatory proteins may modifY actin-activated myosin ATPase (indicative
of contractile speed) through a differential sensitivity to calcium (Mykles, 1988). A
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total of three isofonns oftroponin·T, five isoforms oftroponin-1 and three isoforms

of troponin-C have been identified in all three species of crustacea (Myklcs, I985ab ).
Slow-twitch (S 1) and slow-tonic (8 2) fibres arc distinguished by the distribution of a
large isoform oftroponin-T 1 (T,. Mr ~ 55K). Slow-tonic (S 2) fibres in all three
species contain troponin-T, while slov -twitch (S,) fibres do not (Mykles, 1988). The
relative amounts of protein in different bands have been determined using scanning

densitometry. Two troponin·T isoforms, troponin-T2 (Mr ~ 49K) and troponin-T1
(Mr ~ 47K) occur in different amounts in all three fibre types, with troponin-T, being
dominant in all fast fibres (Mykles, I985ab; Neil eta/., 1993). Fast fibres contain
mainly troponin-C2, while the slow-twitch (S 1) fibre has a doublet of the troponin-C 2
band, and the slow-tonic (S,) fibre expresses a unique isoform, troponin·CJ (Mykles,
1985ab; Neil eta/., 1993).

Contraction of a skeletal muscle along its long axis facilitates the
quantitative measurement of length and tension, which can be related to events at a

molecular level (Bagshaw, 1993 ). A strict relationship exists between the
histochemical properties and myofibrillar profiles of fibres of different phenotypes
has great practical utility for investigating their functional properties (Neil eta/.,
1993). Filaments may differ in their arrangement and in the protein isoforms they
contain (Bagshaw, 1993). Muscles also differ in the metabolic reactions that they
employ to generate ATP and in the way that they are controlled by, or respond to,
nerve impulses and chemical effecters. Different isoforms may therefore affect the
contractile profiles of the muscle.
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Figure 1.4 SDS-PAGE of single muscle fibres from lobster, distinguishing fast (F),
slow-twitch (SI) and slow-tonic (Sz) fibres (Neil et al., 1993). Ac, actin; He, myosin
heavy chain; aLe,

~Lc,

myosin light chains; P, paramyosin (two isoforms); TM,

tropomyosin; TnC, troponin C (three isoforms); Tni, troponin I (five isoforms); TnT,
troponin T (three isoforms).

Overall, there are four proteins unique to fast fibres (paramyosin-1, a
75K unidentified protein, troponin-1}, and troponin-I 5) and two proteins unique to
slow fibres (troponin-I4 and troponin-C1) in the claw muscle oflobsters and crabs
(Figure 1.4) (Mykles, 1985ab; Neil et al., 1990). The presence of the same isoform of
troponin-T in slow-tonic (S 2) fibres from three distantly related species suggests that
this regulatory protein play an important role in the response of slow fibres to
neuronal stimulation (Mykles, 1988). In addition to having slow rates of contraction,
slow fibres require a closely spaced train of action potentials from the motor axon to
attain complete contraction (Silverman et al., 1987).

IH

1.2.6 Accurate Methods of Determining Muscle Fibre Types

In summary, crustacean muscle fibres can be divided into a number of
phenotypic categories according to their myofibrillar protein assemblages,

a'i

determined by SDS-PAGE. Reference to these can provide an unambiguous
identification of fibre types, and in this way one fast fibre type and two slow fibre
types have been distinguished in different regions of lobster and crab claw muscles

(Govind eta/., I986; Mykles, I985ab, I988). By combining this approach with the
histochemical analysis of fibre types in the different regions of fast and slow muscles
in claws, Mykles (1988) has demonstrated that a relationship exists between the
histochemical properties of fibres and their myofibrillar protein composition. This
has also been shown in other species of decapods (Neil eta/., I993, Mykles 1985ab).
The use of histochemical methods for discriminating fast and slow crustacean muscle
fibres involves tests both for oxidative capacity (NADH tetrazolium reductase),
indicative of fatigue resisUmce; and ofmyofibrillar ATPase activity, indicative of
contractile speed (Neil eta/., I 993). These two properties tend to vary inversely,
slow fibres having a higher oxidative capacity and lower myofibrillar ATPase
activity than fast fibres (Table I. I) (Neil eta/., I993).

In addition, fibres with a given enzyme composition and particular
myofibrillar protein profile tend to have a characteristic sarcomere length (Neil eta/.,
I993). There is strong indirect evidence that the fibre types identified from
myofibrillar proteins also differ from each other in their enzymatic properties (Neil et

a/., 1993). Tablei.I represents the comparison of these different properties with
different muscle fibre types. However, sarcomere length, histochemistry and even
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activation properties do not always unambiguously identify fibre types (Mykles,
1985ab; West, 1997). Therefore using SDS- PAGE in combination with sarcomere
length will hopefully provide an unambiguous identification of fibre types in
decapods.

Fibre

Sarcomere

Contraction

z

Type

Length

Speeds

Lines

H Zone

Ratio thin:

Protein

ATPase

thick

Profile

tetrazolium

filaments

1r

reductase

NADH

...
Fast

2 - 4 J.Ull

Fast

Straight

C learly

Low

P t>P2

High

Low

Intenn ediate

Pz

Low

High

High

p2

Low to

Very high

Tn-T1

very low

visible

Slow

6 - 7.5 J.Ull

Intennediate

Ragged

(S,)

Not
clearly
visible

Slow

8 - 10.91J.I11

(S2)

Slow

Ragged

Not
clearly
visible

*Paramyosin isoform 1, P 1 ; Paramyosin isoform 2, P2 ; Troponin isoform 1 bounded to
tropomyosin, Tn-T 1•

Table 1.1 Comparison of properties of the three fibre types identified by various
methods in decapod crustacean muscles (Mykles, 1985ab, 1988; Neil eta!., 1993;
West, 1997).
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1.3 Growth of Crustacean Muscle

1.3.1 Growth of Muscle Fibres associated with Moulting

Moulting is a process that dominates the life of a crustacean as it provides a

basic means of growth for an animal with an exoskeleton (West et a/., 1995).
Crustacean muscles undergo dramatic changes over the moult cycle in order to grow

and withdraw from the old exoskeleton. Following ecdysis (moulting), there is a
rapid increase in body size before the new exoskeleton hardens (Hartnoll, 1988). In
order to accommodate the new larger exoskeleton, muscle fibres must elongate

(West, 1997).

Growth in crustacean muscle involves elongation of muscle fibres, however

these muscle fibres do not elongate by one uniform mechanism. In arthropods several
mechanisms have been reported to account for elongation of muscle fibres. Muscle
fibres have been reported to grow by (a) the elongation of existing sarcomeres
(juveniles), (b) the addition ofsarcomeres to the ends of the fibres, and (c) insertion
ofsarcomeres along the length of the myofibril (Govind eta/., 1977). As crustaceans
progressively increase in size without altering the sarcomere length of the individual
muscle fibres, the addition of sarcomeres appears to play an important role in the
lengthening of the fibres (Govind eta/., 1977). In some crustaceans, these
mechanisms operate during different phases of growth and development (Govind et
a/., 1977).
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Sarcomere addition is of great importance to crustaceans as it provides a
means of maintaining a particular fibre type during fibre elongation. If a muscle fibre

lengthened simply by elongation of the thick and thin filaments then the shortsarcomere fibres would slowly be transformed into fibres with long-sarcomeres.

West eta/. ( 1995) suggest that in the postmoult stages, fibres with short sarcomeres
add sarcomeres by at least two different mechanisms (I) transverse sarcomere

splitting and (2) Z line splitting. These different methods of elongation may
accommodate the need for different rates of elongation within the muscle fibres.

The moult cycle in Cherax destructor is a continuum, unlike many

crustaceans that have a terminal moult (Musgrove & Geddes, 1995). Moult frequency
in Cherax destructor is affected by the size of the organism, sex, environmental

factors such as temperature and photoperiod, amount of food available and injwy or
loss of appendage/s (Musgrove & Geddes, 1995; Mykles & Skinner, 1985).

1.3.2 Muscle Fibre Types in Maturation of Regenerative and Developing
Muscle

Different fibre types appear to mature at different rates (Atwood, 1973).
Further evidence of progressive maturation is provided by measurements of fibre
sarcomere length. Mean sarcomere length increases progressively as the limb bud
increases in size (Atwood, 1973). Elongation of sarcomere length during muscle fibre
growth has been shown to occur in crayfish and may therefore be a general feature of
developing slow muscle fibres (Atwood, 1973). Thus there may be changes in
muscle fibre types during normal growth of the animal (Ogonowski eta/., 1980).
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The stage of muscle fibre maturity at which innervation occurs may play a
role in determining the ultimate properties of the muscle fibre (Atwood, 1973 ). Part
of the process of maturation involves elongation of sarcomeres, and it is logical to
assume that fibres innervated earliest start to undergo this change sooner than the rest

(Atwood, 1973). The later a fibre is innervated by a nerve axon, the more likely it is
to assume the short~sarcomere or intermediate condition (Atwood, 1973). Evidence
to support neural trophic hypothesis for muscle differentiation (eg. muscle fibres arc
completely predetermined in their properties and attract the appropriate innervation

during development), is by no means conclusive (Atwood, 1973 ).

The fibre composition during primary development of crustaceans is in most

cases similar to that of the regenerating muscle (Govind & Read, 1994a). In the
pristine claws of adult crayfish Orconectes rusticus, the fibres of the closer muscle

are all of the slow type as judged by sarcomere length and a uniform degree of
myofibrillar ATPase activity (Govind & Pearce, 1985). In regenerating claws of
mature and immature crayfish, the muscle has a central band of fast fibres as
characterized by shoner sarcomeres and a higher degree of ATPase activity than the
surrounding slow fibres (Figure 1.5) (Govind & Pearce, 1985). During primary
development, the closer muscle has a fibre composition similar to that of the
regenerating muscle except for a smaller proponion of fast fibres (Figure 1.5)
(Govind & Pearce, 1985). Thus the reappearance of fast fibres during regeneration
recapitulates ontogeny, while their enhanced proponions may reflect epigenetic
influences such as restriction of nerve·mediated muscle activity in the limb bud

(Govind & Pearce, 1985).
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Figure 1.5 Stereo grams of au original and regenerate claw closer muscle in juvenile
crayfish showing the distribution of slow (stippled) and fast (hatched) fibres (Govind
& Pearce, 1985).

The claw closer muscle may remain in the primitive condition as shown in
Figure 1.5 (regenerate), as a pincer claw of snapping shrimps, or it may differentiate
in one of two directions. In the one case, the fast fibres may transform to slow and
produce a closer with all slow fibres as in the paired claws of crayfish ( Orconectes

rusticus) and in the primitive major claw oflobster and snapping shrimp. In the other
case, the slow fibres transform to fast to produce a closer with a majority of fast
fibres as in the putative minor claw of the lobster (Govind et al., 1986). An exception
to this is the snapping shrimp (Alpheus heterochelis), in which bilateral asymmetry of
the paired snapper pincer-claws may be reversed by removal of the snapper claw
(Govind & Pearce, 1994). A new pincer regenerates in its place, and the intact pincer
on the contralateral side transforms into a snapper. The transformation entails
changes in external morphology, sensory innervation (Govind & Pearce, 1994),
motor innervation of the closer muscle, and composition of the closer muscle
(Quigley & Mellon, 1984). The snapper claw muscle is composed entirely of slow
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fibres, which typically have long sarcomeres. Its homologue in the pincer has a
central band of fast fibres (20-30%) sandwiched between slow fibres (Govind eta/.,

1986). Transformation of pincer closer muscle to a snapper-type entails several
changes, including the selective death of the fast fibres, the replacement of fast fibre
band by slow fibre, and the transformation of existing pincer-type slow fibre to
snapper-type slow fibre (Quigley & Mellon, 1986).

Which direction the muscle takes appears to be influenced by the use of the
claw at least in developing lobsters (Govind eta/., !986). Thus treatment< which
reduce use of the claws such as rearing without any substrate (Lang eta/., 1978), or

more specifically treatments which reduce active tension of the closer muscle
generated by motor nerve impulses such as tentotomy of the closer muscle and
denervation suppress differentiation of slow fibres and promote differentiating of fast
fibres (Govind & Pearce, 1985).

Similarly, the composition of muscle proteins changes in developing muscles
of the claw closer muscle. In the adult-paired claw closer muscles of lobster

Homarus americanus. there are three unique proteins in fast fibres and four unique
proteins in slow fibres (Costello eta/., 1984). Several of these proteins belong to
regulatory troponin complexes. In juvenile lobsters, where paired closer muscles are
undifferentiated, the electrophoretic banding pattern reveals presence of proteins
common to both fibres including myosin, actin and tropomyosin (Costello eta/.,
I984). However, the conspicuous absence of all unique fast fibre proteins as well as
one unique slow fibre protein is found at this stage (Costello et a/., I 984). As the
muscle develops, most of the unique proteins are present except for one unique slow
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fib.-c protein (Costello eta/., 1984 ). Closer muscle is considered fully differentiated
when all the proteins unique to fibre types arc present. The absence of these
particular proteins in undifferentiated claw muscles implies that with development
there is a graduaJ maturation in the regulatory mechanism governing contraction

characteristics of each fibre type (Costello & Govind, 1984). ll1e unique proteins
found in undifferentiated claw muscle, are only those found in slow muscle. This
suggests that slow type regulatory proteins are used in muscle contraction of these

juvenile stages (Costello & Govind, 1984). Furthermore, the available evidence
suggests that the changes in muscle fibre compositions of the claw muscles may be
due to transformation of slow fibres to fast fibres (Ogonowski eta/., 1980). These
results however, imply only to developing claws of juvenile lobsters, results on
regenerating claws of adult decapods has not been examined.

An enhancement of the number of fast fibres (short sarcomere) has been
observed in the regenerating limb of the closer muscles of lobsters (Govind &
Pearce, 1985). These authors showed that the differentiation of the cutter closer
muscle was promoted by the suppression of nerve impulse-mediated (active) muscle
tension. The muscle regenerates within the limb bud where it is tightly enclosed in a
capsule greatly restricting its activity. During this stage the use of the muscle would
be minimal promoting the formation of fibres with short sarcomeres (Govind &
Pearce, 1985). Regenerating limbs from adult animals have a higher proportion of
fibres with sbort-sarcomeres as adult animals spend longer periods in the intermoult
stages therefore the regenerating limb would spend a longer time within the bud
(Govind & Pearce, !985). This is consistent with the finding that fibres with shortsarcomeres are the first fibre type to appear in the claws of larval lobsters. Long-
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sarcomere fibres do not appear until the fourth or fiJlh stage and arc thought to derive
from short-sarcomere fibres (Ogonowski & Lang. 1979).

The main aim of this project was to document the regeneration of claw
muscle fibres in the yabby, Cherax albidus. In achieving this, the following specific
aims were employed.

•

To determine protein profiles of all fibre types in pristine claw closer
muscle.

•

To document morphological stages of claw regeneration.

•

To document the time sequence of protein appearance in regenerating
claw muscle.

•

To document the time sequence of fibre type appearance in claw
muscle.

•

To compare pristine fibre types with regenerated fibre types within
claw closer muscle.
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2. METHODOLOGY

2.1 Experimental Animals

2.1.1 Taxonomy

Yabbies belong to the family Parastacidae. This family includes freshwater
crayfish that are found only in the Southern Hemisphere. The genus Cherax is

widespread across Australia and native species are found in every state and territory.

Some of the most hardy and widespread species of Cherax are the yabbies;

two species known are Cherax destructor and Cherax albidus. There is some
controversy whether these represent one species because morphologically and
physiologically Cherax destructor and Cherax albidus are very similar (Lake &
Sokol, 1986). Cherax destructor is not found in Western Australia although Cherax

a/bidus was introduced many years ago.

2.1.2. Maintenance

Adult male and female Cherax albidus of 20-40 mm ocular carapace length
(O.C.L) were obtained from a local supplier, Mulataga Aquaculture and from a
farming dam in Wagin, Western Australia. Yabbies were housed in separate
containers (2L) and an aquarium tank (600L) divided into 30 separate compartments
(20L each). This was done in order to identity and monitor individual yabbies with
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ease, and thereafter maintain records of their moult history and to record the condition
of their claws.

Animals were maintained in oxygenated, deionized water at 18-24°C under a

photoperiod of I 4 hours light : I0 hours dark. The yabbies were fed a diet of corn,
peas and chicken pellets at least once every three days and the water changed once a
week in 2L containers. Gravel or shell substrate was used to ensure normal

development of the claw. The gross morphology and function of the claw can
influence the distribution of different fibre types in the decapod claw (Costello &
Govind, I 984; Mykles, I 985). According to developing lobster claws, treatments that
reduce use ofthe claw such as rearing without a substrate, can reduce active tension

of the claw closer muscle (Govind & Pearce, I 985). This in tum can suppress
differentiation of slow fibres and promote differentiation of fast fibres (Govind &
Pearce, I 985).

2.1.3 Sampling by Moult Staging

The claw closer muscle was analysed at intermoult (stage C) to ensure
regenerating limbs were at similar developmental stages and to avoid muscle fibre
degradation. Crustacean muscles undergo dramatic changes over the moult cycle in
order to grow and withdraw from the old exoskeleton. In decapod claws, muscle
fibres undergo sequential atrophy (stage D) and restoration (stage A) of the muscle
protein during each moult cycle (Mykles & Skinner. 1985). During atrophy in the
land crab Gecarcinus latera/is, most myofibrillar proteins were hydrolysed and were
correlated with a decrease in the filament ratio (Mykles & Skinner, I985).
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Moult stage of C. albidus was determined by monitoring uropod setal
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development using the method of Burton & Mitchell ( 1987). Each animal was placed
on a solid surface, the uropods flattened, and a small section of the apical quarter of
the uropod margin were excised. Following this, the setal section excised was placed
onto a slide, covered with distilled water and a coverslip, and then examined under a
compound microscope at X 100 magnification. On the basis of uropod setal
development and changes in cephalothoracic integument, a total of 11 distinct
substages were recognized in C. albidus (Figure 2.1) according to Burton & Mitchell
(1987).
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Figure 2.1 Diagrammatic representation of uropod setae of C. albidus throughout the
moult cycle: (a) stage A; (b) stage B; (c) substage C 1; (d) substage C2 ; (e)-(h)
substages Du-Dt.4 (Burton & Mitchell, 1987). Not to scale.
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Examination of the setae on the uropods was conducted weekly for the
intennoult stage (C1 and C2), a period of comparative quiescence in physiological
growth processes (West, 1997). Moult frequency varied considerably between

individual animals. Absolute duration of the moult cycle in crayfish was dcpender.l on
the size and sex of the animal, availability of food, the experimental environment aJJ
the conditions of acclimation including seasonality (Musgrove & Geddes, 1995; West,
1997; Hartnoll, 1988). To ensure that the yabbies were in pristine condition, they were
allowed to moult at least once before sampling (Read & Govind, 1991 ).

2.1.4 Stages of Regenerating Chela

The regenerating limbs were harvested at strategic stages and the contralateral
pristine claw (stage 0) was taken as a control. Regenerating limbs were sampled into
four stages based on external morphology landmarks (Bliss, 1982). These stages
included an unsegmented limb/papilla (stage 1), a segmented limb with a closed
dactyl (stage 2), an early stage of the limb after first moult with an open dactyl (stage
3), and a fully regenerated limb (stage 4) (Figure 2.2). These four stages represent the
rn~or external

morphology landmarks in the regeneration of a claw and were used as

markers in this study.

Twenty-four yabbies were sampled with at least two yabbies sampled at each
stage of regeneration. The yabby claws analysed for each regenerating stage were of
similar size (O.C.L) (see Table 3.1) and contained at least one male and one female

animal.
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Stage 1

Stage 2

Stage 3

Stage 4

(after moult)

Figure 2.2 Stages in the regeneration stages of a limb bud at the site of an
autotomized claw in adult C. albidus. The development of the limb bud, although a
continuous process, has been categorized into for (1-4) separate stages based on
external morphology landmarks (adapted from Govind & Read, 1994). Not to scale.

2.2 Isolation of Claws

2.2.1 Regeneration Initiation

Either the right or the left pristine claws were removed at intermoult by
excision with minimal damage (see 2.3.2). Yabbies autotomised the remainder of the
claw two days following excision. The limb then began to regenerate but, on
occasion, initial limb regeneration started after the first moult.

2.2.2 Removal of Claws

Prior to claw removal procedure, individual yabbies were placed in crushed
ice for 15 minutes to render them inactive. Claws were removed at intermoult by
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excision distally from the pcrfonned breakage plane (Figure 3.3), or from the papilla,
distally from the coxal stump. During excision, a cylindrical solid object was placed
between the claw (dactyl and propus) if applicable, to obtain a 'resting state' position
of the claw. The width of the solid object used was dependent on claw size.

2.3 Relaxation of Claw Muscle

Immediately after excision, the chela was isolated from the rest of the limb
and perfused using either of two relaxing buffers. Muscle fibres were prepared in cold
glycerinated relaxing buffer (I) containing 20mM Tris-acetate (pH 7.5), 50%
glycerol, O.lM KCl, lmM EDTA, 0.1% Triton-X-100 for 2-3 hours at -4'C (Mykles,
1985; Neil eta/., 1993). In another selection, muscle fibres were prepared in relaxing
buffer (2) containing 2mM ATP, 3mM MgCI,, lSOmM propionic acid, lOmM EGTA,
20mM HEPES in 4M KOH buffer (pH 7.1) for 1-2 hours at room temperature
(Stephenson, personal communication). Both buffers were used for the same purpose,
however relaxing buffer (1) was ineffective for obtaining sarcomere length and clear
protein profiles (see 3.1). Relaxing buffer (2) was used for this study.

In order for the relaxing buffer to gain access to the interior of more mature,
longer limb buds, both ends of the claw were clipped off and the claw itself was
continuously perfused with 1OmL of buffer for 3 minutes using a 1mL syringe.
Additionally, by means of very fine insect pins, holes were created in the tough
membrane covering the limb bud where appropriate, to allow buffer to enter.
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Claws were bathed in relaxing buffer stored at -4 11C for up to two days until
required. Sarcomere length of individual fibres was measured within this time.

2.4 Description of Claw Regeneration

2.4.1 Gross Morphology of the Limb Bud

Drawings and photographs of regenerating limbs in different regeneration
stages were taken to establish descriptive morphology. Movement of the limb buds
including functioning of the claw (movable dactyl) was monitored and recorded.
Regenerating limb buds were documented using F-401 Nikon AF camera and Fugi
400 colour print film. Scales were calculated for the drawings and photographs.

2.4.2 Muscle Morphology of the Limb Bud

Photographs were taken to document muscle morphology at different stages of
regeneration. A camera (F-601 Nikon AF) was mounted onto a compound microscope
(Leica: type 020·519.505) and photographs were taken with the option of filters. Only
blue and yellow filters were used.

25 Extraction of Muscle Fibres

The closer muscle was divided into four regions (two regions either side of the
apodeme) and 10 fibres were sampled from each region to give a total of 40 fibres for
each muscle (Figure 2.3). Single muscle fibres were dissected under rela.xing buffer
using a dissecting microscope, to keep the fibres in a relaxed state. Dissection of
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single muscle fibres could not be obtained in the papilla and closed dactyl stages of
regeneration for two reasons. Firstly, the claw muscle was still at least partially
undifferentiated into distinct muscle fibres, and secondly, a sufficient amount of
muscle (protein) was needed to obtain adequate staining in SDS-polyacrylamide gels.

I
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/

3

I

I
I
I

Ventral

'-, ....

4

__ , "'

Dorsal

Figure 2.3 Areas of the claw muscle from where individual fibres were removed
during dissection. Only the right claw is shown. The horizontal arrows indicate from
where the claw length measurements were taken (adapted from West eta!., 1992).
Not to scale.

2.6 Sarcomere Length Measurements

Average sarcomere length (!J.m) of individual fibres bathed in both rela;"<ing
buffers were measured by two methods (see 3.1). Firstly, sarcomere length (SL) was
measured on a glass slide using a binocular microscope fitted with an eyepiece
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micrometer. The distal ends of single muscle fibres were avoided when calculating SL
because SL decreased considerably. For each fibre, the length of 10 sarcomeres was
measured in three places, and the average calculated. For most fibres in stage 3 of
regeneration, only short segments of sarcomeres could be measured for each fibre.
These fibres were measured in three places when possible, and the average calculated.

Secondly, SL was measured from the primary diffraction maxima produced by
the beam of a He-Ne laser passing through single muscle fibres (West eta!., 1995).
Individual muscle fibres were place on a slide covered with relaxing buffer and a
coverslip. The set up for this method is shown in Figure 2.4.

Measuring Screen
First order

diffraction maxima

Microscope slide

t

Laser

a
order diffraction maxima·j-..:.i-_ _ _ _ _..__ _ _ _ _ _ _--t](---------1

,.._____ d - - - - - -

First order
Muscle fibre

diffraction maxima

Figure 2.4 Diagrammatic representation of the diffraction grating (maxima) produced
when a He-Ne laser beam is passed through a single muscle fibre. SL was measured
using the equation: SL =A( (dlai + 1 )

112

where: A= wavelength oflaser beam

(???nm); d =the distance of the muscle fibre from the measuring screen; and a= the
distance on the screen between the zero and first order diffraction maxima (West,
personal communication).
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2. 7 Myofibrillar Protein Composition of Muscle Fibres using SDSPolyacrylamide Gel Electrophoresis

2.7.1 Preparation of Muscle Fibres for SDS-PAGE

Muscle fibres whose sarcomere length had been measured were analysed
using SDS-PAGE. Immediately after sarcomere length was measured, these muscle
fibres were transferred to 50-IOOftl ofSDS reducing buffer containing 62.5mM TrisHCl (pH 6.8), 12.5% (v/v) glycerol, 1.25% (w/v) ultra pure SDS (ICN: 811 034),
1.25% (v/v)

~-mercaptoethanol

and 0.0125% (w/v) bromophenol blue. Samples were

left overnight, at room temperature, and were boiled for 3-5 minutes, then stored at 20"C until required.

2.7.2 Electrophoresis ofSDS-Polyacrylamide Gels

Proteins were separated by discontinuous sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) according to the method of Neil et

a/. (1993) and Mykles (1985) whose methods were adapted from Laemmli (1970).
SDS-PAGE was performed using a Bio-Rad mini-Protean II slab gel apparatus. Gels
containing a 4% acrylamide stacking gel and a 10% or 12% separating gel were
prepared from a 30% (w/v) acrylamide and I% (w/v) N, N'-methylene bisacrylamide
stock solution (Neil eta/., 1993; Li & Mykles, 1990). Sigma (C 3437) and Bio-Rad
(161-0317) broad molecular-weight standards were used. Samples and molecularweight standards were applied to a 0.75mm slab gel containing ten 7mm wells. The
gels were then mounted in a chamber containing a reservoir buffer of25mM Tris-HCl
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(pH 8.3), I92mM glycine and 0.1% (w/v) SDS purchased as I0 x Tris-Glycine-SDS
buffer (Bio-Rad), and run with applied currents of up to 40mA per gel (Neil el a/.,
1993).

2.7.3 Staining ofSDS-Polyacrylamide Gels

Immediately after electrophoresis, gels were fixed and stained in 0.1% (w/v)
Coomassie Blue R-250 in 45% (v/v) methanol and 10% (v/v) glacial acetic acid
overnight at room temperature, and subsequently destained in a 45% methanol/ I 0%
glacial acetic acid mixture (Neil eta/., 1993). In most cases, gels were further stained
with silver based on methodology ofHeukeshoven & Demick (1985) using a Silver
stain kit (Sigma: AG-25). This procedure was similar to Wray eta/. (1981) but with
some modifications. After the destaining procedure ofCoomassie Blue R-250, gels
were presoaked in deionized water (3 washes of I 0 minutes each) followed by
staining in silver equilibration solution for 30 minutes with constant gentle agitation.

2.7.4 Storage ofSDS-Polyacrylamide Gels

The polyacrylamide gels were stored dried between two sheets of cellophane
membrane to preserve the stain and dimensions of the gel. Gels were equilibrated
prior to drying by soaking overnight in a solution containing 3% glycerol to reduce
the rirk of cracking the gel (Hames & Rickwood, 1990). Polyacrylamide gels were
dried within 40-55 minutes with a temperature of 80°C in a Bio-Rad Ge!Air dryer kit.
The position of the gels within the drier was altered frequently. This reduced the risk
of cracking by allowing the gels to dry more evenly.
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2.8 Analysis

2.8.1 Variables Measured

All the animals were sexed, moult staged and weighed to the nearest 0.1 mg
wet weight. Claw and/or limb length (Figure 2.3) were measured to the nearest
O.lmm. Similarly, ocular carapace length (O.C.L) measuring from the eye socket to

the end of the carapace were recorded. The data on the size of the regenerating limb
buds were expressed as relative limb bud growth (Ro/o) in relation to pristine claw
length. This was measured by length of the regenerating limb divided by length of the
pristine claw X 100.

2.8.2 Muscle Fibre Anaylsis

Muscle fibres in regenerating claw muscle were compared to the contralateral
pristine claw closer muscle in sarcomere length, muscle structure and protein profiles.
Proportions of fibre types in pristine and regenerating claws were estimated where
appropriate. The time sequence of appearance of fibre types in regenerating limbs was
analysed and compared to fibre types in the contralateral pristine claw closer muscle.

2.8.3

Myofibrillar Protein Analysis of SDS-PAGE

Regenerating claw muscle was compared to the pristine claw closer muscle in
protein composition and time sequence of appearance of proteins. Pristine and
regenerated muscle samples were run on the same gel to ensure the correct

)9

identification of proteins. The composition of protein isofonns in muscle fibres was
analysed qualitatively and quanlilalively. Gels were scanned (X300dpi) through lhc
program Abode Photo shop 4.0 and analysed using SigmaGel (gel analysis) software

from Jande) Scientific Software. Molecular weights of proteins and relative peak areas
indicative of relative protein amounts in muscle fibres were obtained from this
software.

2.9 Statistics

Sarcomere lengths (J.1m) and molecular weights are expressed as means+/SE"

and have been analysed using the Student's /-test (paired and non-paired) to

compare pristine and regenerated muscle fibres. Results were considered to be
significantly different if p < 0.05.
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3.RESULTS

3.1 De.-elopment of Methods

Preparation of yabby muscle for calculating sarcomere lengths included perfusing the
muscle with a relaxing solution (I) (Neil eta/., 1993) (see 2.3). The claw closer muscle,
abdominal muscle (3'• segment) and the walking leg (merus segment) were examined.
Under this relaxing solution, sarcomere lengths were measured using a compound
microscope fitted with an eyepiece micrometer. Sarcomere lengths between fibre types

couiJ not be distinguished using relaxing buffer (I). All muscle fibres under this buffer
resulted in similar sarcomere lengths, namely l-3f.1m, whether fast or slow muscle fibres
were being analysed. This indicated that muscle fibres were super-contracted, and that the
relaxing buffer was ineffective in keeping the fibres in the relaxed state.

Sarcomere lengths were also measured by obtaining the diffraction grating
produced when a laser was passed through the muscle fibre. Using this method under
relaxing buffer (I), a diffraction grating could not be obtained. After the laser beam
passed through the fibre, the beam became distorted. It appeared that glycerol distorted
the sarcomeric pattern of the fibre which in turn produces a diffuse laser pattern. This was
also found by others working on decapod claw muscle (Dooley, P; West, J; unpublished
observations).
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Relaxing buffer (I) also appeared to affect SDS polyacrylamide gels. Poor

resolution and diffuse protein bands appeared to be a result from the use of this buffer
(Figure 3.1). It appeared that increasing the length of time the muscle was let\ in the
relaxing buffer at -20"C, worsened these results (Figure 3.1 A, 13).

In another selection, the claw closer muscle was perfused with relaxing buffer (2)
for approximately 30 minutes before sarcomere length was measured (see 2.3).

Sarcomere lengths were measured using a compound microscope fitted with an eyepiece
micrometer, although, SL was not measured using the diffraction grating method, as time
constraints prevailed. Under this relaxing buffer, sarcomere lengths between fibre types
could be distinguished. Muscle fibres with short sarcomeres (I.5-4.5~m) were fast fibre
types, and fibres with long sarcomeres (7.0-12.8~m) were slow fibre types. These results
were conclusive when electrophoresis (SDS-PAGE) was perfonned on muscle fibres.
Using SDS-PAGE, good resolution of protein bands was produced from muscle fibres
(Figure 3.2). It appeared that these positive results for sarcomere length and SDS-PAGE,
to be the result of using this relaxing buffer.

When sarcomere lengths were measured, fibres were immediately placed into
sample buffer (see 2.3) and stored at -20"C for up to two weeks. However, muscle fibres
were also stored in the relaxing buffer at -20°C, for up to two months without any affect
to sarcomere length or gel electrophoresis. Consequently, results from the claw closer
muscle in this report were taken using relaxing buffer (2).
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3.2 Physical Variables

A summary of the physical variables of C. albidus is shown in Table 3 .1 . Both
sexes of adult C. albidus were analysed at various stages of claw regeneration. Both
pristine and regenerating claws were taken at time of sacrifice, and the claw length
measured (Figure 2.3). It appeared that pristine claw length was larger in males compared
to females when yabby size (relative to ocular carapace length- O.C.L) was taken into
account.
A
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Figure 3.1 (page 42) SDS-PAGE (12%) of claw closer muscle fibres of C. albidus

perfused with relaxing buffer (I) (A) two days prior to electrophoresis and (B) 14 days
prior to electrophoresis. Molecular weights (Mr) indicated on the left.

200
110 --•IJII>
_ __,....,

45
31

21

Figure 3.2 SDS-PAGE (12%) of claw closer muscle fibres of C. albidus perfused with

relaxing buffer (2) two days prior to electrophoresis. Molecular weights (Mr)
indicated on the left.

To compensate for differences in animal size, regenerate claw measurements were
expressed in terms of relative growth (R) -the differential growth between regenerate and
pristine claws - where:
R(%) = Length of regenerating claw X 100
Length of pristine claw

44

Whole limb length was measured in the papilla (stage 1) because the claw was not
distinguishable at this stage. R values are shown for each individual at each regeneration
stage in Table 3.1.

Weight
(g)

O.C.L

Male

38.26

40.8

Pristine
Claw
Length
(nun)
43.7

2

Female

28.35

38.2

35.9

5.0

9

6.4

3

Female

20.70

-34. 1

29.6

2.6

8.9

4

Male

26.28

36.4

34.7

4.3

12.4

5

Female

23.80

35.2

30.5

5.8

19.0

6

Male

27.23

37.4

33.9

7.0

20.6

7

Female

22. 10

34.9

29.6

18.1

61.1

8

Male

36.07

40.0

39.0

28.2

72.3

9

Male

48.21

41.7

48.6

42.1

86.6

10

Female

66.04

47.8

46.0

44.2

96.1

Animal
Number

Sex

1

(mm)

,.

Regenerated
Claw Length
(mm)
2.5 8

Relative
Claw
Growth
(%)
2.9

Experimental
Stage

Papilla
(stage I)
Papilla
(stage 1)
Closed
Dactyl

lstl!&_e ~
Closed
Dactyl
(stage 2)
Closed
Dactyl
(st~e 2)
Closed
Dactyl
(stage 2)
Open Dactyl
(stllg_e 3)
Open Dactyl
(stage 3)
Fully
Regenerated
lstage'!2_
Fully
Regenerated
(stage 4)

R% was established from whole regenerated limb bud length against contralateral pristine limb
length.

a

Table 3.1 Summary ofthe physical variables of C. albidus showing the stage at which
the claws were taken. Pristine claws were taken also at each of these stages. Both sexes
were used in each regenerating stage and relative claw growth (R) was calculated as a
percent size increase relative to the pristine claw at time of sacrifice.
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During moult, the regenerated limb of many animals was taken with the old
exoskelton. In addition, many animals with regenerating limbs appeared to have a higher
death rate during moult compared to animals with no

regene~ated

limbs. These results

reduced the number of yabbies for experimentation.

The relative size increase (R%)k>findividual animals with regenerating claws
over time is shown in Figure 3.3. Generally, as the limb bud enlarged, the regenerate's
growth rate decreased.
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Figure 3.3 Regenerating chela percent size increase (R%) of individual C. albidus over a
period of time (days), the red arrows indicative of average moult. The line represents the
general trend of regenerate growth.
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3.3 Morphology of Pristine and Regenerating Claws

3.3.1 External Morphology

The regeneration development of the limb bud of C albidus, although a
continuous process, has been categorized into four ( 1-4) separate stages based on external

morphology. The pristine claw (Figure 3.4) represents the original claw/ non-regenerate
designated stage 0. Autotomy occurred within two days, but occasionally the severed
limb was not separated from the animal until the next moult. Followed by autotomy, was
the formation of a scab (Plate 3.1A), which is lifted off within several days to reveal a
small limb bud (stage I )(Plate 3.1 B). After many days, a longitudinal furrow appeared at
the tip of the growing limb bud followed by the first of four annular furrows was visible
(Plate 3.2A). Within several days, the limb bud undergoes complete segmentation (stage
2) (Plate 3.2B). During the first moult, the segmented limb was freed from its protective
envelope and appeared as a miniature version of the original chela (stage 3) (Plate 3.3).
After successive moults, the normal size of the chela (stage 4) was attained.

3.3.1.1 Pristine Claw

The chelae of C. albidus were symmetrical and composed of six segments (Figure
3.4). Proceeding in a disto-proximal direction these segments were known successively

as the dactyl, propos, corpus, merus, ischium and the basium. All these segments were
united to each other by flexible joints with the exception of ischium and basium. These
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were fUsed together into an immovable joint known as the preformed fracture plane
(Emmel, 1910). The external appearance of the prcfonncd breakage plane (Figure 3.4)

represents the plane of union of the basi urn and ischium into a solid compound segment
(basi-ischium). All segments possessed a hard exoskeleton. The length of the pristine
claw was approximately three times longer than the length of the dactyl and two and a
halftimes longer than the width of the claw (Figure 3.4).

Bl'

pp

~IS

Figure 3.4 Schematic diagram of the external morphology of the ventral side of the right
chela and merus from C. a/bidus indicating the six segments and the preformed breakage
plane (BP). Proceeding in a disto-proximal direction these segments are known
successively as the dactyl (DA), propus (PP), corpus (CP), merus (MS), ischium (IM) and
the basium (BM). (adapted from West, 1992). Drawn to scale.
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3.3.1.2 Papillae

Immediately following the removal of the chela, haemolymph fluid was lost from
the remaining stump. Over a short period of time, fluid lost from the stump ceased.
Autotomy occurred two days following removal of the claw, but on occasion, removal of
the damaged chela occurred at next moult. Shortly after autotomy, the distal end of the
coxal stump (CS) became darker in colour (Plate 3.1A) compared to when it was initially
severed, followed by the forrriation of an apical epithelial cap (EC).

The initial sign of regeneration occurred at the blastema, which erupted from the
coxal stump followed by its elongation into an undifferentiated papilla (PL) (Plate 3.1B).
At this stage, the opaque, papilla was extremely soft and fragile. The blastema/papilla did
not erupt through the apical epithelial cap (EC) but elongated via the rim of the cap (Plate
3.1 C). As a result, the cap attached to one side of the papilla.
A
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Plate 3.1 External morphology ofthe initial stages of regenerating chela (stage 1) after

autotomy from adult C. albidus. (A) The coxal stump (CS) after autotomy of the chela.
Scale bar = 4.2mm. (B) The emergence of the blastema/papilla (PL) from the coxal stump
(CS). Scale bar= 6.0mm. (C) Low magnification of the papilla displaying the position of
the apical epithelial cap (EC). Scale bar= 650~Lm.
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3.3. 1.3 Closed Dactyl

Early in the regeneration of the closed dactyl, a longitudinal furrow
appeared in the distal tip of the papilla. This invagination of epithelial cells marked the
beginning of the first and second distal segments (dactyl (DA) and propus (PP) segments)
(Plate 3.2A). Invagination occurred at one side of the apex of the limb bud, therefore at
first, the dactyl was relatively larger than the propus (Plate 3.2A). After invagination,

transverse furrows (AN) appeared representing division of the more proximal limb
segments. The divisions began with the formation of the third segment, namely the
corpus (Plate 3.2A). External differentiation of segments proceeded in a disto-proximal
direction (from the tip to the base ofthe chela).

Over several days, segmentation of the limb is complete and the distal region of
the limb bud was clearly divided into a propus and dactyl (Plate 3.28). After complete
segmentation, the closed dactyl retained the original colour found in the pristine claw.
The length of the claw is approximately twice the length of the dactyl and approximately
four times the width of the claw (Plate 3.28). The exoskeleton is extremely soft and
fragile, but the yabby was able to move the limb bud to and from its body.
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A
I

B

Plate 3.2 External morphology of regenerating chela-closed dactyl (stage 2) of C.

albidus. Proceeding in a disto-proximal direction these segments are known successively
as the dactyl (DA), propus (PP), corpus (CP), merus (MS) and basi-ischium (BI). (A)
Low magnification of the closed dactyl at early segmentation; annular furrows (AN).
Scale bar= 650~m. (B) Complete segmentation of the closed dactyl. Scale bar= 4.8mm.
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3.3.1.4 Open Dactyl

After the first moult (after autotomy), the dactyl was able to open and close
therefore the regenerating chela (open dactyl-stage 3) became functional. Open dactyl
limb buds although fully segmented and functional, still consisted of the claw dimensions
that appeared at the closed dactyl stage. The length of the claw is approximately twice the
length of the dactyl and approximately three times the width of the claw (Plate 3.3). The
exoskeleton of the open dactyl was hard, similar to the pristine claw.

Plate 3.3 External morphology of regenerating chela-open dactyl (stage 3) of C. albidus
displaying the separation of the dactyl (DA) from the propus (PP), the claw is now
movable. Scale bar = 12mm.

.·
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3.3.1.5 Fully Regenerated

Depending on the size of the yabby, the regenerate limb grew over several moult
cycles to assume pristine proportion. In relation to dimension, hardness of the
exoskeleton and function of the claw in the fully regenerated chela (FR), there was no
comparable difference to the pristine chela (PR) (Plate 3.4).

Plate 3.4 A representative pristine chela (PR) on the left and a representative fully
regenerated chela (FR) on the right displays the outcome of a fully regenerated chela of
C. albidus. The chelae are symmetrical and indistinguishable from each other. Scale bar=

20mm.

.·

54

3.3.2 Muscle Morphology

3.3.2.1 Pristine Claw

The internal structure of the chela contained two, opaque apodemes, one large and
one small (Figure 2.3). Only the claw closer muscle attaches onto the large apodeme.

Individual muscle fibres taken from the closer muscle often yabbies were analysed
morphologically and sarcomere lengths of individual fibres were measured. Fast and slow
fibres were distinguished by sarcomere length and fibre diameter (Table 3.2). Slow (S 2)
fibre phenotypes had a larger sarcomere length and a thinner fibre diameter compared to
the fast fibre phenotype. The differences in sarcomere length between fast and slow (S 2)
fibres can be easily seen in Plate 3.5. The proportion of fast and slow (S,) fibres within

pristine claws was similar to the contralateral claw. The large opaque apodeme separated
the dorsal and ventral closer muscle fibres within the chela. The ventral muscle fibres in
the claw closer muscle were approximately 2 112 times longer in length compared to the
dorsal muscle fibres.

Muscle fibres were analysed from many areas of the claw (Figure 2.3), and only
fast and slow (S,) muscle fibre types were found based on sarcomere length and protein

profiles. An estimation of the proportions between fast and slow found in a claw were
made. Generally, there was a higher proportion of fast fibres (90%) compared with slow
(S2) fibres (10%) in the claw closer muscle (Figure 3.5). Both fibre types were distributed
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in all of the dissection areas, however, a higher proportion of slow (S2) fibres were found
in areas 2 and 3 (Figure 3.5).
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Dissection Areas

Figure 3.5 Estimated proportion of fast and slow (S2) fibre types from the claw closer
muscle of C. albidus in varies areas of the claw. Dissection areas were designated:
I.V entral-propus; 2. Ventral-dactyl; 3 .Dorsal-dactyl; 4 .Dorsal-propus.
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A

B

Plate 3.5 High magnification of a (A) long-sarcomere (82) and (B) short-sarcomere (F)
muscle fibres taken from pristine claw closer muscle of C. albidus using a phase contrast
microscope. The sarcomeres can be clearly seen (arrows). There are approximately 2~
sarcomeres from the short-sarcomere fibres (F) to every one sarcomere on the longsarcomere fibres (8 2) . Scale bars = 60j.tm.
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3.3.2.2 Papillae

The papilla (stage 1) was largely empty containing a small amount of
undifferentiated homogeneous cells. Sarcomeres were not visible and muscle fibres could
not be distinguished. The cellular material within the papilla appeared to be loosely
connected to the inner shell of the exoskeleton. Large numbers of dense granules were
present with the cellular material, possibly haemocytes (HM) or nuclei (Plate 3.6).
However, according to Read & Govind (1998), these dense granules were characteristic
of haemocyctes. Throughout the study thes~ dense granules will be named under this.
The yabby had no control in the movement of the papilla, reinforcing that the papilla
contained undifferentiated tissue.

Plate 3.6 Low magnification of the internal morphology of a regenerating papilla
showing undifferentiated cellular material and large numbers of dense granular
haemocytes (HM). Scale bar = 60J.Lm.

SH
3.3.2.3 Closed Dactyl

The closed dactyl limb bud was able to move to and trom the body ofthc animal.

suggesting tissue differentiation had occurred at this stage. However, the first segment of
the chela named the dactyl (Figure 3.4 ). was unable to move because the dclctyl was sealed

to the propus. and therefore the claw was considered non-functional. The claw contained a
small. red apodeme (Plate 3.7A), which appeared to be a miniature version ofthe large

apodeme present in the pristine claw. Undifferentiated cellular material, similar to the
papilla, radiated trom this apodeme (Plate 3.7A). Sarcomeres were not visible and muscle
fibres could not be distinguished.

The first appearance of muscle tissue appeared in the distal region of the claw.

Extensions of muscle tissue radiated from a central undifferentiated cellular mass (Plate
3. 7B). The muscle tissue appeared in the form of scattered tragments of striation (Plate
3.7B). Muscle fibres could not be distinguished clearly and therefore fibre diameter could
not be established. The muscle was partially differentiated (PM) containing short segments

ofsarcomeres (SR) interspersed with undifferentiated material. Heamocyctes (HM) \vere
found in large numbers in undifferentiated cellular material (UM). These structures were
considered haemocyctes rather than nuclei because diagrams of regenerating amphibian
muscle contained similar structures namely haemocyctes according to Hoyle (1983). They
were also found on the surface of partially differentiated muscle tissue (PM), although,
they were not as abundant (Plate 3. 7B).
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Smaller, fully differentiated muscle tissue (DM) appeared in the form of
myofibrils, and radiated from partially differentiated muscle tissue. These myofibrils
formed complete sarcomeres, and fewer numbers of heamocyctes were present compared
to partially differentiated muscle tissue (Plate 3.7C).

Sarcomere lengths generally differed between the partially differentiated and fully
differentiated muscle tissues. Sarcomere lengths ofPM ranged from small to
intermediate, and were generaliy greater than the sarcomere length found in DM (Table
3.2). However, there was no significant difference in SL between PM and DM (Table
3 .2). The sarcomere length found in PM was not found in any other regeneration stage or
pristine claw stage (Table 3.2). There was no significant difference in SL between muscle
fibre types of open dactyl and pristine claws (Table 3.2).

The closed dactyl was divided into three substages according to the relative
growth of the limb bud (R values). These included substage 2a: R= 9%; substage 2b: R=
12%; substage 2c: R= 19-20%. All three substages contained similar muscle morphology,
however, substage 2a contained only undifferentiated cellular material.
A
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B

c

Plate 3.7 Low magnification of the apodeme and high magnification of muscle tissue,

from regenerating closed dactyl claws of C. albidus. (A) Undifferentiated cellular
material radiates from the red apodeme. Scale bar= 250J..Lm. (B) Undifferentiated cellular
material (UM) characteristically displaying large numbers of dense granular haemocytes
(HM). Radiating from the cellular material is partially differentiated muscle tissue (PM)
that contains short segments of sarcomeres (SR) interspersed with undifferentiated
material. Scale bar= 60J..Lm. (C) Fully differentiated myofibrils (DM) radiating from
partially differentiated muscle (PM) displays the position and abundance of haemocytes
(HM). Scale bars= 60J..Lm.

.·
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3.3.2.4 Open Dactyl

The internal morphology of the chela was no different to the pristine claw. It
contained two, opaque apodemes, one large and one small. One opaque apodemc
separated the dorsal and ventral muscle fibres within the claw closer muscle. However,
the length ratio of ventral muscle fibres to dorsal muscle fibres were greater compared to
pristine claws. In the closed dactyl, ventral muscle fibres were approximately three times
longer compared to the dorsal muscle fibres. Fast and slow fibres were observed in the

closer muscle and distinguished by sarcomere length and fibre diameter (Table 3.2).

Slow (S,) fibre phenotypes had a longer sarcomere length and a thinner fibre
diameter compared to the fast fibre phenotype (Table 3 .2). There was a significant
difference between sarcomere lengths of fast and slow (S,) fibres in the open dactyl.
(Table 3.2). The differences in sarcomere length between fast and slow (S,) fibres can be
easily seen in Plate 3.8A, B. There was no significant difference in SL between muscle
fibre types of open dactyl and pristine claws (Table 3.2).

3.3.2.5 Fully Regenerated

Muscle fibre morphology of fully regenerated claws was similar to muscle fibres
found in pristine claws (Table 3.2). Fast and slow fibres were distinguished by sarcomere
length and fibre diameter. There was no significant difference in SL between muscle fibre
types of fully regenerated and pristine claws (Table 3.2). In addition, ventral muscle
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fibres were approximately 2 times longer than dorsal muscle fibres reinforcing that fully
regenerated chela are indistinguishable morphologically from pristine claw muscle fibres.

Plate 3.8 Claw closer muscle morphology of (A) slow (S2) fibres; scale bar= 250)lm, and
(B) fast (F) fibres; scale bar= 125)lm, from regenerating open dactyl limb buds of C.

albidus. Muscle fibres in the intermoult stage were taken using a phase contrast
microscope. The sarcomeres can be clearly seen (arrows).
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3.3.3 Comparative Analysis

Claw morphology and function of pristine and regenerating claws arc summarized
in Table 3.2. The papilla contained undifferentiated muscle (no sarcomeres) although it
was densely packed with haemocyctes. Segmentation occurred at the closed dactyl (stage
2) and tissue differentiation had begun. Muscle tissue was partially differentiated,

containing short- to intermediate-sarcomere lengths. Fewer haemocyctes were present in
these muscles. The dactyl became movable at the open dactyl (after first moult) (stage 3).
Fibre types were distinguished by clearly visible sarcomeres in the muscle, and there

were no haemocyctes. At this stage, the claw was a miniature replica of the pristine claw
except in segment proportions. Fully regenerated claws (stage 4) were indistinguishable
from the pristine claw.

Table 3.2 (next page) Summary of the external and muscle morphology changes of
growing regenerates and the pristine claw of C. albidus.
1

Values are means with 95% confidence intervals in brackets.

b

80 fibres were measured from 4 yabbies, 40 long- and 40 short-sarcomere fibres.

c 40 fibres were measured from 4 yabbies, 20 long-sarcomere fibres and 20 shortsarcomere fibres.
' Significantly different (p < 0.05) between long- and short- sarcomere fibres.
'Not significantly different (p < 0.05) between long- and short- sarcomere fibres.
'Not significantly different (p < 0.05) between short-sarcomere fibres of the
regenerate and short- sarcomere fibres of the pristine claw.
• Not significantly different (p < 0.05) between long-sarcomere fibres of the
regenerate and long- sarcomere fibres of the pristine claw.
"Significantly different (p < 0.05) between long-sarcomere fibres of the regenerate
and long- sarcomere fibres of the pristine clnw.
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Muscle Morphology
Regeceration/
Pristine Stage

Pristine
(stage 0)

Papilla
(stage 1)

External Morphology

Hard exoskeleton; length of claw is
-3X longer than length of dactyl. and

Claw/Limb
Function

Fibre
Diameter

Length (~m)'

s,

Thin

{7.5-12.7)b,d

F

Thick

Sarcomere

Muscle and Cellular Structure

10.1
Sarcomeres arc: dearly visible.

Claw fully functional.

-2111 X longer than width of the claw.

Unsegmented limb with a soft
exoskeleton. opaque in colour.

Fibre Type

Movement of papilla is
absent.

3.0
(1.7-4.3)b,d

Sarcomcrcs are clearly visible.

Undifferentiated cellular material conlaining many dense.
granular structures. possibly hcamocytc:s.

Not applicable

Not Applicable

None

Not Applicable

Undefined

None

Closed Dactyl
(substage 2a)

(substage 2b)

Segmented chela with a soft
exoskeleton. Original claw colour has
returned. Dactyl is fused ID the
propus. Length of the claw is -2X the
length of dactyl and -4X the width of
the claw.

Undifferentiated cellular material containing large

amounts of dense. granular structures. haeltlOC)'Ctes?
Limb can be moved to
and from its body.

(substage 2c)

Unknown

Undefined

(3.0·7.0)c.r,b

'"

Muscle: is partially dlffc:rcntiatc:d. shon segments of
sarcomc:rcs arc interspersed with undifferentiated material.
Many haemCI~1es'l

Unknown

Myofihrils?

2.8
(I .6-4.0) •·•· r

Muscle is differentiated and contains complete
sarcomeres. but not complete muscle fibres. Few
hacmoc~1es?

s,
Open Dactyl
(stage 3)

Hard exoskeleton; length of claw is
-2X longer than length of dactyl, and
-JX longer than width of the claw.

Claw fully functional.

Fully
Regenerated
(stage 4)

Hard exoskeleton; length of claw is
-JX longer than length of dactyl, and
-2mX longer than width of the claw.

Claw fully functional.

Thin

F

Thick

s,

Thin

{8.0-11.4)''"'•

Complete. diffcrcntiatcd muscle fibrcs containing ICing·
$arcomcres that arc dearly \'isible.

3.2
(1.9-4.S)''"'r

Complete. differentiated muscle fibres containlng shon~arcomcrcs that nrc clearly \'isiblc.

'·'

Sarcorrn:rcs nrc dearly \"isiblc.

31

Sarcomcrcs arc clearly \'isible.

9.7

(7.1-IO.I)''cl.•
F

Thick

(2.7-3.7)'·"·r
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3.4 Myofibrillar Protein Composition of l,ristinc and H.cgcncrating Claws

3.4.1 Pristine Claw

In SDS-PAGE gels (12%), individual fibres from the claw closer muscle of C.
albidus revealed similarities in major protein populations among the fibre types as well as

banding patterns characteristic of each fibre type. Proteins were identified based on
molecular weights and migration rates relative to other proteins characterized from
previous studies (Costello & Govind, 1984; Neil eta/., 1993; Mykles, 1985ab, 1988;
Sakurai eta/., 1996). The identity and the molecular weight of each protein are
summarized in Table 3.3.

There was a significant difference between most protein molecular weights of
10% gels and 12% gels (Table 3.3). With the exception of the myosin heavy chain,
molecular weights of proteins were generally lower in I 0% SDS-polyacrylarnide gels
than 12% SDS-polyacylarnide gels (Table 3.3). Generally, using 12% gels, most protein

molecular weights were not significantly different between other 12% gels, reinforcing
confidence in molecular weights obtained. However, there was a significant difference
between a few protein molecular weights of at most, two 12% gels (Table 3.3).

The major identifiable proteins common to both fibre types were myosin heavy
chain (HC, 191K), actin (Ac, 43K) and tropomyosin (TM, 39K) (Figure 3.6). The myosin
heavy chain, actin and tropomyosin from individual fibres migrated as single bands
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(single isofonn) (Figure 3.6). However, numerous variants of other myofibrillar proteins
are expressed in these muscles, often as multiple isofonns.

A major protein at 99-1 05K has been tentatively identified as paramyosin
(Figure 3.6), based on similar molecular weight reports for invertebrate paramyosins

(Costello & Govind, 1984; Mykles, 1985, 1988; Neil e/ a/., 1993; Sakurai et a/., 1996).
There appears to be a slight difference in molecular weight between fast and slow

paramyosin designated P~o 99K and P2, 105K (see Table 3.3). These results are
supported by reports from other decapods (Costello & Govind, 1984; Sakurai et a/.,
1996). Immediately below this band, there is a band common to both fibre types (94K)
(Figure 3.6). This protein band was identified as a-actinin and was designated as a,
94K. (Myk!es, 1985, 1988; Neil eta/., 1993).

Immediately below a-actinin is an 88K band in the fonn of a doublet. This
protein was also common to both fibre types (88K), however, the slow fibres contained a

much larger amount of this protein as detennined by scanning densitometry (Figure
3.7A). According to Mykles & Skinner (1982), this 88K band is possibly a hearnolymph
protein, which was also found in crab claw muscle. In addition, a 130K band was
common only in slow (Sz) fibres (Figure 3.6). Sakurai el a/. (1996) distinguished this 130
K band in slow fibres as an additional pararnyosin isofonn in crayfish opener muscle.

The electrophoretic banding patterns in yabby claw closer muscle included a 54K,
49K and 48K bands. These bands have been identified as troponin T isofonns (T 1, T2, T3
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respectively) (Figure 3.6) (Mykles, 1985, 1988; Neil el a/., 1993). Other bands common
to yabby claw closer muscle included 32.5K, 31.5K, 31 K and 28K bands. These five
bands have been identified as troponin I isofomlS (1 1, 32.5K; 12, 31.5K; 13, 31K; 15, 28K
(Figure 3.6) (Costello & Govind, 1984; Mykles, I 985, 1988; Neil eta/., 1993). In
addition, three troponin C isoforms (C,, 22K, C2, 21.5K and

c,, 20.5K) were identified

(Figure 3.6) using reports found from other crustaceans (Mykles, I 985, 1988; Neil et a/.,
1993).

Within claw closer muscle, three bands (24K, 23K and I 9K) appeared to be
myosin light chains designated aLC,, aLC,, PLC respectively (Figure 3.6). These

variants corresponded closely to those described in a number of different crustacean
muscles (Costello and Govind, 1984; Mykles, I 985, 1988; Neil el a/., 1993; Sakurai et

al., 1996). Fast muscle fibres differed quantitatively in myosin light chains compared to
slow muscle fibres. Both fibre phenotypes contained aLCI (24K), aLC, (23K) and PLC
(19K), however, fast fibres contained a much larger amount of aLC, (24K) compared to
slow (S2) fibres. These results did not show well using scanning densitometry, but were
obtained by direct observation of SDS-PAGE gels (Figure 3.6).

In individual fibres of claw closer muscle, the variants of certain myofibrillar
proteins occurred in combinations that define two phenotypes, one fast (F) and one slow
(S,). All individual muscle fibres from pristine claws fell into one of these two categories,
with no apparent intermediate forms. Fast fibres can be distinguished from slow fibres of
claw closer muscle by the presence of a pararnyosin isoform (l 05K) designated P 1 and a
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75K undefined protein (Figure 3.6) (Mykles, 1985; Neil et al. , 1993). These differences
were quantified using scanning densitometry (Figure 3.7B). The S2 phenotype contained
relatively more paramyosin 2 (P2, 99 K) and 88 K protein

F

F

F

F

HC
200
p

94

88K
75K
TnT
Ac

43

TM

Tnl

a LC
TnC

PLC
a

b

c

f

g

h

Figure 3.6 SDS-polyacrylamide gel (12%) of individual fibres from C. albidus claw

closer muscle. HC, myosin heavy chain; P, paramyosin (two isoforms); a , 88K, 88 X 103
M, protein; 75K, 75 X 103 M, protein; TnT, troponin T (three isoforms); Ac, actin; TM,

tropomyosin; Tnl, troponin I (five isofonns); aLC, pLC, myosin light chains; TnC,
troponin C (three isofonns). Two fibre phenotypes differ in myofibrillar protein
composition, the minor slow fibre type (S2 ; lanes a, d, e, g) and the major fast fibre type
(F; lanes b, c, f, h). Lanes a, b, c were stained with Coomassie Blue and lanes d, e, f, g, h
were stained with silver. The positions of relative molecular mass standards (M,) are
indicated on the left.
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than the fast phenotype (Figure 3.7A). In addition, myosin heavy chain (HC) was
present in greater amounts than actin (Ac) in both fibre types, with a greatest
difference observed in fast fibres (Figure 3.7A, B).
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Figure 3.7 Densitometric scans of individual (A) slow (S2 ) and (B) fast (F) fibre

phenotypes from C. albidus claw closer muscle separated with 12% SDS-PAGE. Myosin
heavy chain (HC); tropomyosin (TM); actin (Ac); paramyosin-1 (P 1), paramyosin-2 (P2);
130 X 103 Mr protein (130K); 88 X 103 Mr protein (88K), 75 X 103 Mr protein (75K);

The distribution of isoforms of regulatory proteins, most notably troponin T and
troponin I, also distinguishes the two fibre phenotypes. The troponin T 1 isoform (54K)
was absent in fast fibres, but present in S2 fibres (Figure 3.6). Two other troponin T
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variants, T2 and T3 occurred in different amounts in the slow phenotype, however,
troponin T 3 was absent in fast fibres.

The two fibre phenotypes also differed in their assemblages of smaller regulatory

proteins, troponin I. The major isoforms in fast fibres were troponin I, (32.5K),!,
(3 1.5K) and Is (28K) with trace amounts of!, (31 K) (Figure 3 .6). l n s, fibres, troponin !,,
!, and 15 were the major isoforms (Figure 3.6).

Differences in the troponin C isoforms were more difficult to resolve in SDS-

PAGE gels stained with Coomassie Blue (Figure 3.6). However, from overloading gels
and using silver stain, it was possible to discern that the fast phenotype contained

troponin C3 (20.5K) and a unique variant, troponin c, (21.5K), while the

s, phenotype

also contained troponin c,, it too expressed a unique variant, troponin C, (22K) (Figure
3.6).

Both phenotypes expressed two undefined proteins, 27K and 14.5K proteins,
although, slow (S,) fibres contained a much larger amount of the 27K protein (Figure
3.6). Amounts were determined according to relative heights of peaks. Another undefined
protein (26K) was expressed only in the S, phenotype (Figure 3.6).

Table 3.3 (page 72) Summary of the proteins identified and the relative molecular
weights in 10% and 12% SDS-PAGE gels from claw closer muscle of C. albidus. HC,
myosin heavy chain; 130K, 130 X I 03 protein; P, paramyosin I; P,, paramyosin 2; a, a-
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actinin; 88K, 88K protein; 75K, 75K protein; Tn-T,, troponin T,; Tn-T,, troponin T2 ;

Tn-T3 , troponin T3; Ac, actin; TM, tropomyosin; Tn-1~, troponin 11; Tn-h, troponin Iz;
Tn-1,, troponin I,; To-1,, troponin 14; Tn-1,, troponin ls; 27K, 27K protein; 26K, 26K
protein; l7K, 17K protein; l4.5K, 14.5K protein; uLC,, myosin alpha light chain 1;
uLC,, myosin alpha light chain 2; PLC, myosin beta light chain; Tn-C., troponin

c,;

Tn-C2 , troponin C2; Tn-C3, troponin C3.

3.4.2 Papilla

The characteristic electrophoretic protein patterns of regenerating chela (papillastage I) are shown in Figure 3.8. Tissue material within the papilla underwent

electrophoresis as a mass to obtain sufficient protein. Although fibres and sarcomeres

were not visible, several myofibrillar proteins were present. Proteins were identified
using the previous molecular weights expressed in muscle fibres of the pristine claw.

At the papilla stage (R= 3%), many proteins common to pristine closer muscle

were absent. However, major proteins common to both fibre phenotypes were present.
These proteins included myosin heavy chain (HC), PLC, actin, tropomyosin, 14.5K,
troponin T 1and trace elements oftroponin T ,, T 3 and uLC (two isoforms) (Figure 3.8).

Every unique protein found in fast fibre populations and one which was unique to
adult slow (82) fibre populations (Tn C,) were absent in the papilla. In addition, only two
troponin I isoforms were expressed at this stage, identified as troponin ! 3 and ! 4, troponin
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Designated
Protein°

12% Gel1
M, (x 10-)b

12% Gel2
M, (x 103)b

12% Ge13
M, (x 103)b

10% Gel
M, (x 103)b

MeanM,
(x 103)b

HC

183
(175-191)
139
(133-145/
106
(104-108)
100
(97-103)
93
(91-95)
84
(82-86)
71
(69-73)
- 54
(53-55)
49
(48-50)
48
(47-49)
43
(42-44)
40
(39-4 I)
33
(32-34)
32
(31-33)
31
(30-32)
29.5
(28.5-30.5)
28
(27-29)

184
(I 81-187)
134
(131- I 37)d
106
(10 1- 1I 1)
99
(95- 103)
94
(92-96)
86
(84-88)
73
(72-74)
54
(53-55)
49
(48-50}
47
(46-48)
43
(42-44)
39
(38-40)
33
(32-34)
31.5
(30.5-32.5)
30.5
(29.5-31.5)

197
(196-198)d
130
(l29-131)d
105
(101-109)
99
(96-102)
94
(91-97)
86
(84-88)
71
(69-73)

200
(199-201)<

191
(I 82-200)
134
(130-138)
105
(104-106)
99
(98-100)
94
(93-95)
86
(84-88)
72
(7 1-73)
54
(53-55)
49
(48-50)
48
(47-49)
43
(42-44)
39
(37-41)
32.5
(31.5-33 .5)
31.5
(30.5-32.5)
31
(30-32)
29
(28-30)
28
(27-29)
27
(26-28)
26
(25-27)
24
(23-25)
23
(22-24)
22
(2 I -23)
21.5
(20.5-22.5)
20.5
(19.5-21.5)
19
(18-20)
17
(16-1 8)
14.5
(13.5-15.5)

130K

pl

Pz
a
88K
75K
Tn-T1
Tn-Tz
Tn-TJ

Ac
TM
Tn-l1
Tn-l2
Tn-IJ
Tn-I.
Tn-ls
27K
26K
aLC1

aLCz
Tn-C1

23
(22-24)
22
(21-23)
21
(20-22)

28
(27-29)
27
(26-28)
26
(25-27)
25
(24-26)
24
(23-25)
23
(22-24)

Tn-Cz
Tn-C3
~LC

17K
14.5K

19
(l8-20)d
18
(17-19)

22
(2 l -23)d

105
(103 -107)
97
(95-99)
94
(93-95)
87
(86-88)
67
(66-68}"

55
(54-56)
51
(50-52)
49
(48-50)
43
(42-44)
40
(39-41)
32
(31-33)
31
(30-32)
30
(29-31)
29
(28-30)
27.5
(26.5-28.5)
26.5
(25.5-27.5)
25.5
(24.5-26.5)
24.5
(23.5-25.5)
23
(22-24)
22
(21-23)
21.5
(20.5-22.5)
21
(20-22)d
19
(18-20)
17
(16-18)
14.5
( I 3.5-1 5.5)

44
(43-45)
36.5
(35.5-37.5)<
30.5
(29.5-31.5)<
29
(28-30)'

25
(24-26)"
24
(23-25}'

21
(20-22)'
20.5
(19.5-21.5)'

a Designated protein identified from previous studies (Costello & Govind, 1984; Neil et al., 1993; Mykles, 198Sab, 1988; Sakurai
et al., 1996).
b
Values are means with 95% confidence intervals in brackets (n=4 in 12% gels; n=J in 10% gel).
c
'
.· .
Not significantly different (p<O.OS) between protein molecular weight 12% and 10% gels.
d
Significantly different (P<O.OS) betwee n molecular weights of a protein in 12% gels.
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14 as the major isoform (Figure 3.8). The troponin l4 isoform was not found in pristine
claw closer muscle.

The 17K unidentified protein was also expressed in the papilla (Figure 3.8). Using
scanning densitometry quantified a relatively large amount of this protein was present in
the papilla (Figure 3.9). This protein was unique to the S2 fibre type of claw closer
muscle. Another protein common to pristine closer muscle designated 88K, was present
in the papilla in very large an:ounts (Figure 3.8). The relative amount of this protein
(88K) was also more characteristic of slow (S2) fibre phenotype. Within the papilla tissue
mass, a large percentage of protein present was the 88K protein, which completely
dominated all other proteins mentioned. This result is quantified using scanning
densitometry (Figure 3.9).
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Figure 3.8 (page 73) SDS-polyacrylamide gel (12%) of muscle tissue of regenerating
chela-papilla from C. albidus. HC, myosin heavy chain; 88K, 88 X 103 Mr protein; TnT,
troponin T (three isoforms); Ac, actin; TM, tropomyosin; Tnl, troponin I (two
isoforms); 17K, 17 X 103 Mr protein; 14.5K, 14.5 X 103 Mr protein; aLC (two isoforms),

pLC, myosin light chains. The positions of relative molecular mass standards (Mr) are
indicated on the left.
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Figure 3.9 Densitometric scans of muscle tissue in regenerating chela-papilla from C.

albidus separated with 12% SDS-PAGE. HC, myosin heavy chain; 88K, 88 X 103 Mr
protein; TnT t. troponin T 1; Ac, actin; Tnl3, l4, troponin 13, troponin 14; 17K, 17 X 103 Mr
protein; 14.5K, 14.5 X 103 Mr protein; PLC, myosin beta light chain.

3.4.3 Closed Dactyl

Electrophoresis was performed on tissue mass, not individual fibres because of two
reasons. The muscle tissue of the closed dactyl contained large amounts of
undifferentiated muscle tissue, and muscle tissue that was differentiated was too small to
,·
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obtain sufficient protein. The characteristic electrophoretic protein patterns of
regenerating chela (closed dactyl) muscle are shown in Figure 3.1 0.

Claw closer muscle of C. albidus started to differentiate when the limb has
undergone segmentation (closed dactyl~ stage 2). This stage was divided into three
substages, designated stage 2a, 2b and 2c, increasing in development respectively. At
stage 2a, all proteins unique to the slow fibre type were expressed in addition to one
protein unique to fast fibres identified as paramyosin I (Figure 3.10). The relative
amounts of paramyosin I and 2 were similar judged by relative areas under the peaks
from densitometer scans (Figure 3.11 A). All troponin I isoforms were observed with the
exception oftroponin 11 (Figure 3.10). However, troponin I, was the major isoform at this
stage using scarming densitometry (Figure 3.11 A). In addition, troponin T2 was present,
and relative large amounts of~LC, 17K and 14.5K were expressed at this stage (Figure
3.11A).

As the closed dactyl grew (stage 2b), all proteins unique to both fast and slow
fibre types were observed, except for the 75K protein (Figure 3.1 0). At this stage, all
troponin I isoforms were present, however, troponin !4 predominated according to the
results of scanning densitometry (Figure 3.11B). Similar to stage 2a, P 1 and P2 were
expressed in equal amounts according to scanning densitometry (Figure 3.11B).
However, relatively large amounts of pLC, 17K and 14.5K were again present at this
stage (Figure 3.11B).
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The last stage of development in the closed dactyl (stage 2c) was characterised by
all proteins unique to the fast fibre type present, with troponin

c,, unique to slow fibres,

absent from the muscle (Figure 3.1 0). This is the first appearance of the 75K undefined

protein, which is unique to fast fibres (Figure 3.1 0). Densitometric scans did not show the
presence of the 75K band (Figure 3.11C). Differences between relative amounts of

paramyosin 1 and 2, was also a characteristic of this stage. This result was quantified
using scanning densitometry (Figure 3.11 C). There was a greater amount of paramyosin I
than paramyosin 2, which is a characteristic of fast fibre types (Figure 3.11 C). However,

all troponin I isofonns were still present, troponin 1.1 predominated according to scanning
densitometry (Figure 3.1 0, Figure 3.11 C).

The relative amount of myosin heavy chain (HC) within the claw muscle over all

substages was smaller when compared to actin (Ac) using scanning densitometry (Figure
3.11). The relative amount ofthe

~LC,

17K, 14.5K and 88K bands decreased as the

closed dactyl grew (Figure 3.11). When R= 9%, the relative amount of 88K was larger
than pristine muscles but less than the papilla stage (Figure 3.11A). Once the closed
dactyl grew (R= 12%), the 88K band decreased in relative amount similar to the pristine
muscle fibres (Figure 3.7, Figure 3.11B).
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Figure 3.10 SDS-polyacrylamide gel (12%) stained with silver of muscle tissue from C.

albidus claw closer muscle. HC, myosin heavy chain; 130K, 130 X 103 Mr protein; P,
paramyosin (two isoforms); a., a.-actinin; 88K, 88 X 103 Mr protein; 75K, 75 X 103 Mr
protein; TnT, troponin T (three isoforms); Ac, actin; TM, tropomyosin; Tnl, troponin I
(five isoforms); 27K, 27X 103 M, protein; 26K, 26X 103 U· protein; a.LC, ~LC, myosin
light chains; TnC, troponin C (three isoforms). Relative growth (R%) is shown above
each lane.
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Figure 3.11 Densitometric scans ofthe muscle tissue from closed dactyl of C. albidus

separated with 12% SDS-PAGE. (A) Closed dactyl when R = 9%, (B) R = 12% and (C)
19< R%< 20%. Myosin heavy chain (HC); tropomyosin (TM); actin (Ac); paramyosin
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(P); 88 X I 0 3 M, protein (88K); troponin T (TnT, T,n·,); troponin I (Tnl,-1,"1,); myosio beta
light chaio (pLC); 17 X IO' M, protein (17K).

3.4.4 Open Dactyl

Muscle fibres were present at this stage and fibre types were distinguished using
sarcomere length and electrophoresis. The myofibrillar protein composition in fast and
slow (8 2) fibres did not differ from the pristine claw closer muscle fibres. However,

myosin heavy chain and actin were J:.;-esent in similar amounts in S2 fibres. In addition,
there were large amounts of tropomyosin present. In fast fibres, there were greater
amounts of myosin heavy chain compared to actin, which was similar to pristine claw
fast fibres. These results were quantified using scanning densitometry. shown in Figure
3.12A, B.
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Figure 3.12 Scanning densitometry of a (A) slow (S2) fibre of an open dactyl regenerating
claw indicating the ratio between relative amounts of myosin heavy chain to actin is
similar; and (B) fast fibre of an open dactyl showing that relative amount of myosin heavy
chain is greater than actin. Myosin heavy chain (HC); tropomyosin (TM); actin (Ac);
paramyosin (P., Pz); 88 X 103 M, protein (88K); troponin T (TnT., TnT2 , TnT3) ; 75 X
3

10 M, protein (75K); troponin I (Tnlt -14); myosin beta light chain (pLC); 17 X 103 M,
protein (17K); 14.5 X 103 M, protein (14.5K).

3.4.5 Fully Regenerated

Slow (S2) and fast fibre types were indistinguishable in protein profiles from the
pristine claw muscle fibres (Figure 3.6). The fast and slow phenotypes contained a larger
relative amount of myosin heavy chain than actin similar to pristine claws (Figure 3.7).

.·
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3.4.6 Comparati.-e Analysis

A summary of the protein profiles and relative amounts of proteins in pristine and
regenerating claw muscles is shown in Table 3.4. Few proteins were present in the
muscle tissue of the papilla. At this stage. the 88K protein dominated (Table 3.4). All
proteins unique to fast fibres are absent. however. only one unique protein was absent at
this stage (Table 3.4). \\'hen the papilla began segmentation, myofibrillar protein
compositions changed. At substage 2a all proteins unique tc slow fibres were expressed

{Table 3.4) and one protein unique to fast fibres was expres<ied (paramyosin

I).

Most

proteins were present in the muscle tissue of the closed dactyl stage 2b. except for the
75K undetined protein. As the closed dactyl grc-" (stage 2cJ. muscle tiss'..le lost three
proteins unique to slow($:!) fibres.

All substages (2a-c) of the closed dactyl had a re,·ersed ratio of myosin hea,:·

chain to actin compared to the pristine cia,..· muscle (Table 3.-l ). The muscle fibres from
the open dactyl (stage 3) ,..,.as indistinguishable from pristine fibres in relation to protein
profiles, except that slow muscle fibres had relatively similar amounts of myosin hea,·y

-

chain and actin (Table 3.4). Fast fibres had a greater amount ofmvosin
hea\'v. chain to
.
actin similar to pristine muscle tibres (Table 3.4). Fully regenerated (stage 4) muscle
fibres were indistinguishable to pristine muscle fibres in relation to protein profiles and
relative amounts of protein "ithin the muscle fibre (Table 3.4).
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Protein
He

Mr (xlO)

130K
Pt
Pz
a.

134
105
99
94

88K

86

75K
TnTt
TnTz
TnT3

72
54
49
48
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43
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•
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•
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•

•
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•
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•

•
•
•
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•

•

s2
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•
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•
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•
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•
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•
• •

•

•
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F

• •
• •
• •

•
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•
•
•

•
•

•
•
•
••
•
•

•

•
•
•

•

•• •

••
•
•
• • • •
• • •

•• • •
•• •

Table 3.4 Relative amounts ofmyofibrillar proteins found in the claw closer muscle of
pristine and regenerating claws. Molecular weights and identification of proteins
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according to previous reports are included. HC, myosin heavy chain; J30K, 130x I03 M,
protein; P. paramyosin (two isoforms); a, a.-actinin; 88K, 88x I 03 M, protein; 75K,
75xt0 3 A1r protein~ TnT, Troponin-T (three isoforms); Ac, actin; TM, tropomyosin; Tnl,
troponin-1 (five isofomlS); 27K, 27x I 03 Mr protein; 26K, 26x I 03Mr protein; a:LC, ~LC.
myosin light chains; TnC, troponin-C (three isofom1s); 17K, 17x I 03 M, protein; 14.5K,
J4.5xl03 M, protein.

3.5 Fibre Composition of Pristine and Regenerated Claw Closer Muscle

3.5.1 Pristine Claw

The fibre composition of the closer muscle from adult C. albidus claws has been

detennined on the basis of sarcomere length and myofibrillar protein compositions of
individual fibres. The closer muscle from the areas sampled of pristine claws was
composed pnedominantly of fast fibres with a few 8 2 fibres (Figure 3.5). Distribution of
fast and slow fibres within the claw is shown in Figure 3.5. Slow (8 2) fibre phenotypes
(derived from protein profiles) had sarcomere lengths ranging 7.5< SL < 11.5 J.lm. Fast
(F) fibre phenotypes (derived from protein profiles) had sarcomere lengths ranging 2.0<
SL< 4.0 J.lm (Figure 3.13A, B).

R4

3.5.2 Papilla

Fibre composition could not be determined within the papilla because the muscle
tissue contained no sarcomeres and protein profiles were not characteristic of either slow
or fast fibres (Figure 3.13A). The protein profile of the papilla was almost entirely

dominated by an 88K band and small amount of structural proteins such as myosin heavy
chain, actin and beta light chain (Figure 3.8, Figure 3.9). Many regulatory proteins

present were unique to the slow fibre, suggesting the papilla was more characteristic of
slow (S 2) fibres at this stage. It was interesting to note that no proteins unique to fast
fibres were expressed in early regeneration.

3.5.3 Closed Dactyl

The fibre composition of regenerating cwsed dactyl claw muscle ftom C. a/bidus
was detenmined on the basis of sarcomere length. Sarcomere length (Jlm) was separated
into three categories; no sarcomeres, 2J.!m< SL < 4Jlm and 4Jlm< SL< 7Jlm (Figure
3.13A). Three substages were adopted according to relative growth of the claw, because a
great deal of changes in external and muscle morphology occurred at this early
regenerating period. The muscle of closed dactyl substage (R = 9-12%) designated closed
dactyl A, composed of approximately equal amounts of muscle tissue with no sarcomeres
(undifferentiated muscle) and muscle tissue containing sarcomeres (Figure 3.13A). Only
a small amount of fully differentiated sarcomercs were present at these stages (Figure
3.13A). Muscle of closed dactyl where R = 19-20%, designated closed dactyl B. was
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composed of a smaller amount of muscle tissue with no sarcorncrcs compared to claws at
stage R = 9-12% (Figure 3.12A). However, at this stage, the claw contained larger
amounts of differentiated muscle tissue (complete sarcomcrcs) (Figure 3.1 JA).

Analysis of fibre type composition within the claw of the closed dactyl could not
be determined using protein profiles in all substages (Figure 3.13B).

3.5.4 Open Dactyl

The fibre composition of regenerating claw closer muscle (open dactyl) from C.

a/bidus was determined on the basis of sarcomere length and myofibrillar protein
compositions. The sarcomere length and protein profile was taken on each individual
fibre. There was no difference between fibre types in relation to sarcomere length and
protein composition (Figure 3.13A, B). The closer muscle of regenerating closed dactyl
claws contained a larger amount of fast fibres compared to slow- S2 fibres according to
sarcomere length and protein profiles of individual fibres (Figure 3.13A. B). Although,
the composition of fast fibres was smaiier compared to the pristine claw (Figure 3.13A,
B).

3.5.5 Fully Regenerated

The fibre composition of fully regenerated claw closer muscle from C. a/bidus
was determined on the basis of the sarcomere length and myofibriiiar protein

R6

compositions. The closer muscle of fully regenerated claws was largely composed of fhst

tibres with a smaller amount of slow (S2) fibres according to sarcomere length and
protein profiles of individuallibres (Figure 3.13A, B).

On the contrary. one individual animal (yabby 10. Table 3.1) composed of95%

slow fibres and 5% fast fibres. However. the pristine claw also had similar proportions
between slow and fast fibres with relation to sarcomere length and protein profiles.

Therefore. pristine claw fibre proportions were similar to that found in the fully
regenerated claw. This yabby had a very large O.C.L and weight determining that the
animal was old (see Table 3.1 ). Observations on the animal concluded that the chela was

rarely or not at all used. This may be the rea'i<m for these results.

Figure 3.13 (page 87) Distribution of fast (F) and slow (S,) fibre phenotypes of the
pristine and regenerating claw closer muscle !Tom C a/hidu.1· based on their (A)
sorcomere length and (B) protein profiles. Fibres ranging 7.5< SL< 11.5 J.lffi were treated
as long-sarcomere fibres designated S, and fibres ranging 2.0< SL< 4.0 J.lm (Table 3.2)
were treated as soon-sarcomere fibres designated F (see text). Individual fibres were also

distinguished as S2 or F according to their protein composition (see text).
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4. DISCUSSION

4.1 Pristine Claws

4.1.1 Grneral Fibre Characlcristics

According to Mykles (1985a, 1988) and Atwood (1973), fa<t (F), slow-twitch
(S 1) and slow-tonic (S2) fibre types can be distinguished on the basis of sarcomere
length and fibre diameter (Table 3.2). Physiologically. the S, fibres arc thought to be
used for slow mo\·ements. whereas S2 fibres are specialized for long-lasting force
production (Mykks. 1988: cited in West. 1997). It appeared that the claw closer
m~le

of C. a/bidus contained two populations of fibres that differed in sarcomere

length (Table 3.2). The two fibre populations correspond to fast and S2 fibres. Further
evidence of these two fibre types included dirYerences in fibre diameter (observations

-

onlv):
. lone-sarcomere fibres had a smaller fibre diameter than the short-sarcomere
fibres (Table 3.2). In comparison. the claw closer musc!e of the yabby C destruclor,
contained similar fibre types (F and S1). based on similarities in sarcomere lengths
(West eta/., 1995). However, a small proportion (2%) of fibres had an intermediate
sarcomere length between 4 and 6f1m, characteristic ofS 1 fibres (West eta/.. 1992).
In the land crab, G. latera/is, the claw closer muscle contained both slow fibre types
(St. S,) according to sarcomere length and fibre diameter (Mykles, 1988).

In the pristine claw closer muscle of the yabby, there appears to be a higher
proportion ofshort-sarcomeres fibres (90%) than long-sarcomere fibres (10%) in both
claws. Histochemical analysis also supports these fibre proportions (T. Lamey.

personal communication). However, the proportions found in C. destructor were
dissimilar; a slightly higher proportion of long-sarcomere fibres (57.9%) than short-

89

sarcomere fibres (42.1%) appeared in both claws (West el a/., 1992). The differences
in fibre proportions may be due to species differences.

In C. a/hit/us, there were specific regions in the claw closer muscle where the
long-sarcomere fibres were more frequent, although there was no regional

~cparation

between short- and long-sarcomere fibres as both fibre types \\'ere found in every area
sampled. Areas 2 and 3 (Figure 3.5) showed a higher proponion of fibres with longsarcomeres. This distribution was also found in C. destructor (\Vest et at.. 1992).
Positioning of long-sarcomere fibres on the dactyl side of the claw. may be

-

determined bv
. the innervation of the muscle (Lam! eta/.. 1977) or mav. be due to
some mechanical advantage to maximize the overall tension produced by the claw
(Warner & Jones, 1976; cited in West eta/., 1992).

In general, it is accepted that the short-sarcomere fibres are responsible for the
speed of contraction of the claw muscle (fast contractile propenies and low oxidati,·e
capacity) whilst the long-sarcomere fibres determine the O\'erall tension produced by
the muscle (slower contractile propenies and higher oxidati\'e capacity) (Warner &
Jones, 1976; cited in West eta/., 1992; Atwood, 1973; Mykles. 1985a. 1988).

The yabby claw muscle may be biased for speed rather than strength which
does not support such behavioural traits, such as its aggressiveness towards other
individuals to defend its territory and its great burrowing ability (West eta/., 1992). In
the claw closer muscle of C. albid1ts, slow (S1) fibres occur in small numbers,
although s, fibres may play an imponant role. Companed to slow-t\\itch fibres (5 1),
tonic fibres (S,) are characterized by having slower rates of contraction and
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relaxation, and a higher resistance to fatigue (Mykles, 1988). Thus, S2 fibres in the
yabby claw probably aid in maintaining the dactyl in a closed position for long
periods~

this might be particularly important in capturing and subduing prey.

According to Mykles (1988), the distribution ofS, fibres in land crab claw closer

muscle supports this hypothesis~ the fibres insert at the distal margin of the apodcmc
at a highly oblique angle, giving them a much greater mechanical advantage than S 1
fibres.

The distribution of the different fibre types in the claw of decapod crustaceans
is influenced by the gross morphology and function of the claw (West, 1997; Govind

eta/., 1991). The closer muscle in major claws of most recapods contain both shortand long-sarcomere fibres where the latter dominate, or contain only long-sarcomere
fibres (Mykles, 1985ab, 1988; Sakurai, 1996). The lobster H. americanus has chelae

that are asymmetrical. In the larger crusher claw, the muscle is composed almost
entirely of fibres with long-sarcomeres (Mykles, 1988). This claw closes very slowly
but with great force (Costello & Govind, 1983). In contrast, the smaller, finer cutter
claw contains 65-75% short-sarcomere length type fibres, the remainder having long
sarcomeres (Lang eta/., 1977). The short-sarcomere fibres are capable of much faster

contractions but produce less force per unit cross-sectional area when compared with
fibres from the erusherclaw (Costello & Govind, 1983).1n the Australian freshwater

crustacean Chera:c albidus the claws are symmetrical and fibre type proportions were
also similar.It is therefore assumed that there is no obvicus difference between the
force production of the claws in C. albidus, according to results of the Australian
freshwater crustacean, Cherax destructor (West eta/., 1992).
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It is likely that the

s2 fibres described here arc the same as the long-sarcomere

fibres from C. destructor described by West cl a/. ( 1995). Sarcomere lengths between
the two species were similar, activation properties obtained from C. des/rue/or (West
eta/., 1995) and protein profiles obtained from C. a/hidus were also characteristic of

the

s2

fibre phenotype (see 4.1.2}. Preliminary studies showed that s2 fibre types

\\'CTC

also found in the merus segment of the walking legs. However, no S2 fibres were
found in the third segment of the abdominal muscle (data not shown). St fibres were
not detected in any muscle indicated, although it is possible that muscles contained a
low frequency ofS 1 fibres and therefore ''-·ere not detected. Many crustacean major
claws consist of a reasonable amount, if not almost entirely, ofS 1 fibres (Mykles,

1988).

4.1.2 Myofibrillar Protein Composition

Electrophoresis of the claw closer muscle of C. a/bidus revealed similarities in

major protein populations among the fibre types as well as banding patterns
characteristic of each fibre type. The results on the claw closer muscle of C. a/bidus
confinn the findings of a number of other studies on crustacean muscle systems that

various contractile and regulatory proteins arc expressed as multiple isoforms (Table
4.l).lsoforms of all myofihrillar proteins in skeletal muscles of crustaceans, with the
exception of actin, have been found in skeletal muscle of vertebrates (Bagshaw.
1993). Fibres contained numerous isoforms of contractile and regulatory proteins in
assemblages correlated with fibre type. The number of variants of different proteins
that are present in one-dimensional SDS-PAGE gels (two paramyosins, three troponin
Ts, four troponin Is and three troponin Cs}, suggest that yabby (C. albidus) claw

'12

closer muscles express a similar range of isoform divcrsily to that found in the various
crab, lobster, cmytish and snapping shrimp appendage muscles previously studied
(Table 4.1 )(Costello & Uovind. 1984; Myklcs. 1985ab, 1988; Neil "tat .. ()uiglcy &
Mellon. 1984: 1993; Sakurai eta/., 1996 ). Molecular weights arc also remarkably
consistent

O\'CT

a wide range of decapod crustacean species (fable 4.1 J.

In general. there are rhrec basic fibre types identified in crustacean muscle
using biochemicaL histochemical. ultrastmcturaL and ph:·siological cntcria: Table i

summarizes the characteristics of the three tyrcs in crustaceans ( ~1ykles. 198R ,_ Three
fibre phenotypes. one fast and tvoo slow. are rl!cognisab!r: according to the presence of

a number ofke~· protein isofom1s: paramyosin P1 and a i5X I0 3 .\!,protein in lUst 1FJ
but not present in SIO\'Io' fibres. and troponin T: m the

sl (slm\·-tonic) but not prcsem in

the S 1 (sloW-t\\itch) slow phenotype. Similarily. fast and slow (S:l fibre pher:otypcs in
claw closer muscle of C. albidus. were characterized accordin2

w differences in

isofonn assemblages (Table 4.2). Thus. differences in protein profiles must also
reflect important differences in the functional properties of the different phenotypes
(Neil eta/., 1993).

An apparent exception of these isofonn characteristics of fibre types is the
closer muscle of the major claw of male Uca. Although classified as a slow muscle. it
also contains P1 in small amounts, while the paramyosin isofonn pattern in the minor
claw is similar to that of slow muscles in other species (Govind et at.. 1986: cited in
Mykles. 1988). The A bands have similar widths in both fibres and thus the function
of these isofonns remains unknown (Mykles. 1988). In addition. Sakurai (1996)
purified myosin and revealed that fast and slow muscle fibre types contain a single
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isoform ofparamyosin. Fast muscle fibre type uniquely t!Xprcssed paramyosin I
(II OK) and slow muscle fibre type uniquely expressed paramyosin 2 (I OSK). In the

Iauer. Sakurai ( 1996) strongly suggests there is another paramyosin isoform, 130K.

The presence of the same isoform oftroponin Tin S2 fibres from four
distantly-related species (Table 4.2) suggests that this regulatory protein plays an
imponant role in the response of tonic fibres to neuronal stimulation (Mykles. 1988).

Troponin T interacts v.ith Tn I and Tn C, transmitting the message from the Tn C, on
Ca1- binding, to the actomyosin interaction site via a concerted series of allosteric
events (Bagshaw. I993 ). In addition to having slow rates of contraction, tonic fibres
require a closely-spaced train of action potentials from the motor axon to attain
complete contraction (Josephson & Stokes, 1987; cited in Mykles, 1988). According
to Mykles (1988), the troponin T 1 isoform might raise the stimulation threshold ofthe
contractile apparatus so that full contraction cannot be initiated by a single stimulus.

The major contractile: proteins include myosin heavy chain (HC), actin (Ac),
a-actinin (a) and tropomyosin (TM) (Table 4.1). These major proteins in crustacean
muscle are expressed as a single isoform in all fibre types (Costello & Govind, 1984;
Myldes, 1985ab, 1988; Neil eta/., 1993; Sakurai eta/., 1996). Using one-dimensional
SDS-PAGE, no differences were apparent in major contractile proteins of fast and
slow (S2) fibre phenotypes of C. albidus (Table 4.2). However, according to Li &
Myldes ( 1990), fibre types can be distinguished by peptide mapping of myosin heavy
chains. Such differences have been revealed between fast and the two slow fibre

populations of other crustacean muscles using this and other methods, such as twodintensional SDS-PAGE (Li & Mykles, 1990).

Isoforms of myosin light chain are similar between fast and slow muscle fibres
in the yabby, C. albidus. Most crustacean species examined such as the lobster,
fiddler crab, and land crab contained the same result in one-dimensional SDS-PAGE
(Costello & Govind, 1984; Mykles, !985ab, 1988; Govind e/ a/., 1986). However,

these results contradict vertebrate muscle, where different isofonns of myosin light
chains characterize the different fibre types (Carraro eta/., 1981; cited in Costello &
Govind, 1984). It is possible that there are isozymic differences between the myosin

heavy chains of crustacean fast and slow muscle. Analysis with two-dimensionaJ gel
electrophoresis may discern any isozymic differences in proteins (Costello & Govind,
1984).

Two types of myosin light chains, designated alpha and beta, with molecular

masses of approximately 23K and 18K respectively, were expressed in the closer
muscle of C. a/bidus. Both fast and slow (S,) fibre phenotypes expressed a- and Pmyosin light chain. These results were also found in many crustacean muscles (Table
4.1) (Mykles, 1985ab, 1988). An earlier study concluded that light chains differed
between fast and slow muscles; the beta light chain from the deep abdominal muscles
(designated PLC,) in lobster had a slightly faster mobility than that (designated PLC 1)
from superficial abdominal and crusher closer muscle in single-dimension SDSPAGE (Mykles, 1985a). In addition, a relatively high molecular weight aLC isoform

(31 K), was unique in slow muscle fibres of the crayfish, P. clarkii (Table 4 .I ).

Neither troponin C nor myosin aLC stained intensely with Coomassie blue or
silver; gels must be overloaded to see these proteins (Figure 3.6). Fast and slow fibres

differed in the expression nftrnpnnin ( · isol(mns (T<Jhlc 4.2 ). The diflCrcrn:cs in lroponin

C

i~fonns

may rdle1.:1 differences in the fum:tinnal propc:nies of the diflCrcnt

phenotypes. !\fany tllhcr dcc.arods similarly difli:red in 1•-.oli,rm ... oftroponin (" hctW(..-cn
fast and slo\\ fihre types. Ho\\l"\"CL there were: different i..,ofc,rm.., ofT n C expressed
between decap<"'dS ( Tahle

4.~

1.

Of interest is the possible identity of the slow protein 17K which wa.'i absent in
fast fibres of the claw closer muscle ofC a/hidu.< (Table 4.2). This protein has the same
electrophoretic mobility as calmodulin (Costello & Go\ind. 1984 ). Calmodulin is a Ca'·
binding protein closely related to troponin C (Alberts eta/.. 1994). The effect ofCa'- on
muscle contraction is mediated by the binding ofCa:!· to calmodulin. In this form. it is
able to bind to myosin light chain kinase. thereby acti\"ating the enzyme (Becker eta/..
1996). As a resuiL myosin interacts with actin and causes a contraction. 11le absence of
17K protein in fast muscle offers intriguing questions as to Ca2- regulation between
yabby fibre types.

Table 4.1 (page 96) Molecular weights relative to myofibril Jar protein composition in
various decapods that have been previously studied comparative to C. a/hidu.<.
Designated proteins are indicated on the left.
Table 4.2 (page 97) Myofibrillar protein composition of fast and two slow fibre
phenotypes in varies decapods that have been previously studied. Proteins identified are

marked (• ), proteins identified in doublet form are marked ( 0) and proteins not present
were marked (-). All proteins not mentioned or analysed were unmarked. Designated
proteins are indicated on the left.
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AustraJian
Crayf"JSh
C. albidus

Designated
Protein

Norway
Lobster
N. IIOTI•egicus

American Lobster
H. americmms

Neil eta/.,

Mykles,

1993

1985ab.
1988
M,
200

M,

M,

HC

191

200

l30K

134

p,

105

pl

99

a

94

88K

86

75K

72

75

75

TnT 1

54

55

55

TnT2

50!

49

47

TnT3

49!

47

Ae

43

TM

Fiddler
Crab
U. pugnax

Land Crab
G. latera/is

American
Crayfish
P. darkii

Mykles,

Mykles,

1988

1988

Sakurai et
al., 1996

M,

M,

M,

175

200

200

Costello &
Govind,

1984

M,
8
200
130

110

95

110

99

110

110

110

105

96

105

105

105

94

92

94

94

88

8

88
75

75

55

55

55

48c

47

47

48

46

47c

46

46

43

43

41

43

43

43

39

38

38

34

38

38

38

Tnl1

32.5

31

31

26c

31

31

27

Tnh

31.5

29

30

25c

30

30

25

Tn l3

31

27

29.5

29.5

29.5

Tn l4

29

26

29

29

29

Tnls

28

25

28.5

28.5

28.5

27K

27

26K

26

aLC1

24

8

23.5

23.5

23.5

3lb

aLC2

23

22

22

22

21b

21

21

21

23

aLC3
TnC1

22

22

TnC2

21.5

21

TnC3

20.5

20

J3LC1

19

18

20c

8

20

J9D

20

20

8

19

l7c

19

19

8

17.5

17.5

17.5

8

18.5

18.5

18.5

18

18

16c

18

J3L<4

l7K

17

16

14.51(

14.5

14.5

8

75

8

8

20

8

8

8

8

8

18b

13c

8

8

14

Protein has been identified using the molecular weights and mobility rates from SDS..PAGE gels.
has been identified as a myosin or regulatory protein, derived from purification method (isoform is not known).
c Unidentified proteins derived from the purification of T o-TM complexes.
b Protein
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Australian
Crayfish
C albidus

Norway
Lobster
N. norvegicus
Neil et al., 1993

Protein
HC
130K
p•
pl
a
88K
7SK
TnT1
Tn T1
TnT3

F

Sz

• •
- •
• • •
• •

F

sl

Sz

American Lobster
H. americanus
Mykles, 1985ab,
1988

F

s,

S:

Costello &
Govind,
1984

F

s

American
Crayfish
P. clarkii

Fiddler Crab
U.pugnax

Land Crab
G. latera/is

Mykles, 1988

Mykles, 1988

F

Sr

Sz

F

s,

Sz

Sakurai et
al., 1996

F

s

• • • • • • • • • • • • • • • •
-a

-a

•

-a

• a

• a

• a

• a

-a

• a

a

-

•

• - - • - - • - • • • • - - • • • • • • • • • • • • • • • - •
• •
• • • • • • • •
• •
- •
• - • - - • - - •
- • - - • - - •
- •
- •
• •
• • • • • • • - - • • • • - • •
• •
• •
• • • • • • • • • •
• •
•
• • • • • • • • • •
• •
• - • • • • • • •
• • - - • • • •
• • •
- • • - - • • - • •
- - - • - - • •
- - • • • - - • - - •

0

0

• a

• a

• a

• c

-c

-b

-b

·• b

-b

-b

•a

• a

• a

• a

• a

-a

-a

-a

-a

-a

. b

. b

0

b

Ac
TM
To 11
To 12
To 13
Tn 14
To 15
27K?
26K?
aLe.
aLC1
aLCJ
Tn C,

• a

0

j3LC1

• •
• • • • • • • • • •
- • •
- - • - •

14K?

•

0

-

•
• • • • •
- -

•
-

•

. b

. b

-b

-b

-b

-b

• a

-b

-b

• a

0

0

• a

-

•
• •
-

b

-b

. b

. b

. b

. b

. b

b

• a

• a

-b

. b

-c

• c

. b

. b

• •

• •

-

•
• •
• • • • •
-

-a

a

8

-b

• a

j3LC1
17K?

0

. b

• a

TnC2
Tn CJ

• a

a

a

a

a

Protein bas been identified using the molecular weights and mobility rates.
b P~otein bas been identified as a myo~ln or regulatory protein, derived from purification method (isoform is not known).
c Unidentified proteins derived from the purification ofTo-TM complexes.

4.2 1\tuscle Regeneration

4.2.1 Morphology

Immediately following the removal of the yabhy chela, an amount of
haemolymph was lost for a shan period of time. According to Read & Go\'ind ( JCJCJK).

an autotomy membrane expands across the coxal stump CO\'cring the wound reducing
fluid loss. The papilla appeared after approximately two \\·ceks and was non·
functional suggesting nerve tissue was not ditTcrentiated. At this stage. the papilla
contained undifferentiated muscle tissue that was densely packed with granular
material, possibly haemocyctes. According to Read & Govind (1998), early stages in
regenerating claws of snapping shrimp contained large amounts ofhacmocyctes.
Haemocyctes are critical for regenerating limbs and appear to be invol\'ed in many
aspects of limb regeneration including phagoq1osis of necrotic material and microorganisms, scab and blastema fonnation. acting as st!:m .:ciis for the regeneration of
other tissues and even the recycling of proteins (Read & GO\•ind, 1998}. Haemocyctes
were also closely associated with the degeneration of fast fibres and subsequent
regeneration of slow fibres during pincer to snapper transfonnation in snapping
shrimp (Govind & Pearce, 1994}.

Interestingly, haemocyte numbers decreased as regenerate limb gro\\1h
increased. It is speculated whether haemocytes or satellite cells may be involved in
the regeneration of afferent neurons fibres (Pearce eta/., 1997}. However, according
to Mykles & Skinner (1981), no satellite cells were contained in crustacean muscle. In
regenerating nerves of crayfish (P. clarkiI), there is muscle occurring as separate,

newly de,·clopcd individual fibres (Pearce t•t ul.. 1997). This suggests a possihlc
instructi\'e role for motor neurons in addition to their pcm1issivc rule in myugcnesis.

Tissue differentiation occurred early in limb regeneration at the closed dactyl
stage (stage 2) where external segmentation begins. The limb bud was able to move
the limb to and from its body suggesting ncrn: tissue was present. According to
Hodge ( 1956). Gecarcinus latera/is contained well developed epidermis, apodcmc,
striated muscle fibres. some demarcattion into segments, considerable development of
motor neurons and some differentiation of sensory neurons. However, according to

Govind & Pearce ( 1994), progressive segmentation along the length of the papilla
demarcates the entire limb and only after this does more specialized tissue appear
such as nerve and muscle.

According to Read & Govind (I 998), tissue differentiation occurs at early
limb segmentation (stage 2) between the propus and dactyl boundary. This stage of
the limb bud is also the earliest time during regeneration of a pincer limb when
removing the contralateral snapper claw will result in a reversal of claw bilateral

asymmetry in snapping shrimp i.e. the regenerating pincer side will develop as a
snapper and the snapper side will regenerate as a pincer (Govind & Read, 1994).
Removal of the snapper claw before the pincer side has regenerated at this early stage
2, will result in the regeneration of the paired claws in their previous configuration

and claw bilateral assymmetry is not reversed. Thus if the tmnsfonning signal is
inhibition (Read & Govind, 1998) then it means that inhibition applies early in
development and regeneration, but can be lifted at almost any time as a fully fanned
pincer will transfonn into a snapper.

Invagination occurred at one side of the apex of the hud, so that at first 1hc
dactyl was relatively larger than the index (propus). In the external segmentation of
the limb allhis stage (after invagination), the groove between the second and third
segments was well marked, if not more so, than the groove between the third and
founh segments. This agrees with observations on snapping shrimp and lobster
chelipeds. (Read & Govind. 1998; Emmel, 191 0). It was concluded that regenerating

chelipeds proceeds in a disto-proximal direction according to external morphology.
However. external segmentation cannot be safely relied upon alone as a correct index
of internal differentiation (Emmel. 191 0).

Formation of sarcomeres in regenerating claw muscle of Cherax albidus began
at the closed dactyl (stage 2). Fibres were not uniform in appearance within the
muscle, and they appeared to mature at different rates. The clused dactyl contained
undifferentiated muscle tissue, partially differentiated myofibrils and fully
differentiated myofibrils. Partially differentiated myofibrils had a sarcomere length
characteristic of intermediate fibre types, however, fully differentiated myofibrils had
a short-sarcomere length characteristic 01 t..st fibre types. As the limb bud developed,
fully differentiated myofibrils increased in composition. These results suggested that
fibre maturation involved many steps. According to Atwood ( 1973), fibres are not

uniform in appearance within crustacean muscle, and they appear to mature at
different rates. However, in contrast. sarcomere length increases progressively as the
limb bud increases in size (Atwood, 1973 ), whereas in C. albidus, intermediate fibres
appeared first, followed by short-, and finally long-sarcomeres appeared later.
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According lo Wcsl ct a/. (1995 ). regeneration of the claw limb bud (closed
dactyl) in ( · ,ft•structor expresses similar result5 to ( · alhidm. Flhrc types were
distinguished using ultr.tstructun: chawctcnstu.:s. sarcomere lcnglh <llld activatiOn
properties (\Vest

t'/

a/.. 1995). In partially difli:rcnliatcd muscle tissue. actin and

myosin filaments in the closer muscle of C. dt•.uructor arc incorporated into different
sub--sarcomeric units. The sub-sarcomeric units join to form individual sarcomeres. In
tum. the sarcomercs align to form myofibrils. In addition. muscle fibres were
characteristic of shan sarcomeres based ultrastructural properties; the Z line is straight

and runs perpendicular to the fibre axis and the H zone is clearly visible (West eta/.,
1995). The activation propenies of the fibres within the regeneratir.g limb bud (stage
2) also concluded the fibres to be of shon sarcomere type (West eta/., 1995). At this
stage, however, fibres have an average sarcomere length of7.96 )lm, which is more

typical of fibres with long sarcomeres (West eta/., 1995). Similarly, panially
differentiated myofibrils at the closed dactyl stage in C. albidus contained scattered
fragments of sarcomeres. These myofibrils also tontained intennediate sarcomere

lengths, however, fibre type could not be established by protein profiles. It is
suggested that the actin cannot penetrate the A bands fully because myosin is not
connected to the Z line (West eta/., 1995). This is the reason fol' the unusual
sarcomere length found in regenerating fibres (West eta/., 1995).

Fully differentiated fibres in C. albidu< contained complete sarcomeres, whose
length was more typical of fast fibres. At this point, sarcomere length increased
progressively as the limb bud increased in size. According to West eta/. ( 1995), Z
lines of short-sarcomere fibres from regenerating closed dactyl claws of C. destructor,
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had Z lines significantly wider than those from pristinL' claws suggesting that the Z
line decreases in width a'i the fibre develops.

4.2.2 Muscle Protein Profiles

Examination ofthe closer muscle of C. alhidus from stages 1-4 showed that
there are prominent changes in protein composition during regeneration. Most of the
proteins which were unique to adult fast muscle populations and some unique proteins

to adult slow-tonic, were wholly absent in the papilla (stage 1). Many major proteins
present in the papilla including HC, aLC (two isofonns), JlLC, actin and
tropomyosin. In addition, only two troponin I isofonns were expressed at this stage,
identified as troponin l3 and 14, troponin 14 as the major isoform.

The major protein present in the papilla of C. albidus was the 88K protein
unique to slow (S,) muscle fibres. According to Costello & Govind (1984), based on
its molecular weight, this protein is possibly a haemolymph protein, which is also
found in crab claw muscle (Mykles & Skinner, 1982). Costello & Govind (1984)
designated this protein as a-actinin in their study. According to Mykles & Skinner
(1995), haemolymph proteins serve as an internal control and attested to the
specificity of the proteinase(s) for muscle proteins.

!OJ

Interestingly, long-sarcomere fibres from claws of C clcslruc:tor in the
postmoult stage contained electron dense slruclurcs not present in fibres at in1ermouh
{\Vest et ul.• 1995). The dense structures were closely associated with the membrane
system. t1owcver. they were not membrane bound (West et ul .. 1995). These electron
dense structures lie in close proximity to the Z lines and possibly serve as focal points
for myofibril formation. The electron dense structures have the same texture and
density as neighbouring Z lines so they possibly consist of some Z line material. In
venebrate muscles maintained in l'itro increased levels of intracellular Ca2 ••
stimulates protein turnover and can release a-actinin from the Z lines . This suggests
that the dense structures may be composed of a-actinin producing a non-membrane
protein in the haemolymph. It would therefore be assumed that these dense structures
would have great amounts of this protein where protein synthesis was high. The
amount of the 88K protein in the papilla supports this hypothesis. In regenerating
claws of C. a/bidus, the 88K protein decreased in relative amounts as the limb bud
developed. This again, reinforces the hypothesis that the 88K protein may be involved
in myofibril maturation.

The composition of muscle protein changes in juvenile developing muscles of
the claw closer muscle of the lobster. In the adult-paired claw closer muscles of
lobster Homarus americanus, there were three unique proteins in fast fibres and four
unique proteins in slow fibres (Costello era/., 1984). Several of these proteins belong
to regulatory troponin complexes. In juvenile lobsters (fourth stage), where paired
closer muscles are undifferentiated, the electrophoretic banding pattern revealed the
presence of proteins common to both fibres including myosin heavy chain, myosin
light chains, paramyosin, actin and tropomyosin. These results were similar to C.

lfH

ulhihru. although. paramyosin was present in the juvenile lobster. llowcvcr, the
conspicuous absence of all unique fast fibre proteins as well as one unique slow fibre
pr01cin is found in the juvenile lobster (fourth stage) ({'qstcllo eta/., 1984}. The
protein unique to slow fibres in the lobster was a IJK protein. In comparison to the
yabby. the IJK protein identified represented the 17K protein, also unique to the slow
fibre (Table 4.2). The differences in the slow protein absent at these early
development stages may be a result between embryonic and regenerative
development.

Claw closer muscle of C. albidus began to differentiate when the limb had
undergone segmentation (closed dactyl- stage 2). This stage was divided into three
substages, designated stage 2a, 2b and 2c, increasing in development respectively. At
stage 2a, all proteins unique to the slow fibre type were expressed in addition to one
protein unique to fast fibres identified as paramyosin I. The relative amount of
paramyosin I and 2 were similar and all troponin I isoforms were expressed with the
exception oftroponin 11• However, troponin I] was the major isofonn at this stage. As

the closed dactyl grew (stage 2b), all proteins unique to both fast and slow fibre types
were expressed, except for the 75K protein and troponin C 1 respectively.

Interestingly, all regulatory proteins are present at this stage including troponin I
isoforms, troponin It and J, predominated. Interestingly, Troponin 14 was a protein
expressed only at regenerating stages 1-2, suggesting that this regulatory protein was
a primitive or developmental form. Similar to 'tage 2a, Pt and P2 were expressed in
equal amounts.

-
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According to West eta/. ( 1995 ), Ca 2 *-activation in the closed dactyl of C

destructor was characteristic of the fast fibre type, hut a higher proportion of tension
production by Sr2+-activation suggests a high proportion of one type of regulatory
system may exist at this stage. In C. a/hie/us, protein profiles revealed all regulatory
proteins are present at the closed dactyl stage, which suggests a reason for the
activation properties obtained from C. destructor. This may be due to the presence of
slow fibre type troponin C because slow fibres produce more force when activated by

sr'· compared with fast fibres.
The last stage of development in the closed dactyl (stage 2c) was characterised
by all proteins unique to the fast fibre type present and again, troponin c, from slow
fibres absent in the muscle. Different relative amounts between paramyosin I and 2
were also a characteristic of this stage. There was a greater amount ofparamyosin I

than pararnyosin 2, which is a characteristic of fast fibre types. However, all troponin
I isofonns were still present and troponin h and l4 predominated. The dominance of
these troponin I isoforms and the expression oftroponin T,, suggests that
differentiation between proteins unique to fast fibre types occurs firstly in troponin C

isoforms and paramyosin before troponin Tor troponin I isoforms. By the
intermediate stage of lobster growth in juveniles (tenth stage), well after claw
determination has occurred, all unique proteins have been added to the protein
population in the closer muscles except for a unique slow fibre protein ( 13K) in the
cutter claw (Costello eta/., 1984).

Closer muscle is fully differentiated when all the proteins unique to fibre types
are present This stage occurred as the claw became functional, which included the

I fJ(J

open dactyl (stage 3) and the fully n:gener.J.ted (slage 4) claws in closer muscle of ( ·

a/bi,/us. However. these lwo srages differed hctwccn lhc mlio of myosin heavy chain
and actin. characlerizing each regenerative s1;1ge. Open dactyl claw mu:->clcs contained

a higher ratio bctv.ocen myosin heavy chain and actin than the fully regcncratcd cia•...
closer muscles. the Iauer were indistinguishahle from the pristine claw muscles.

4.2.3 l\luscle Fibre Differentiation and Composition

The claw of C. albidus was non· functional at stage 2 (closed dactyl), however.
according to West eta/. (1995), muscle fibres were activated from the claw closer
muscle ofC. destructor, confinning muscle fibres were functional. In closed dactyl
limb buds, fully differen•iated muscle fibres of C. a/bidus appeared to have shon,
relatively unifonn sarcomeres. whereas in adults, greater variation of sarcomere
length is evident. This implies that differentiation of muscle fibres occurs after
innervation, and can more easily be explained by postulating a neural trophic effect
(Atwood, 1973).

The stage of muscle fibre maturity at which innervation occurs may play a role
in detennining the ultimate properties of the muscle fibre in regenerating limb buds.
According to Atwood (1973), it is logical to assume that fibres innervated earliest
start to undergo maturation sooner than the rest. The later a fibre is innervated by a

tonic axon, the more likely it is to assume the short-sarcomere (F) or intennediate (S 1)
condition (Atwood, 1973).

•
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AI the open dactyl (stage 3), muscle fibres were clearly distinguished by

sarcomere length and protein profiles. The claw closer muscle was composed largely
of slow (S2 ) fibres

(-75~'•)

and a smaller proportion of fast fibres (-25%). The

composition of muscle fibre types was reversed compared to the pristine claw. These
findings opposed other reports in developing and regenerating crustacean muscle.
According to Govind & Pearce ( 1985), an enhancement of the number of fast fibres

(short sarcomere) is observed in the regenerating limb of the closer muscles of

lobsters. However. in both cases, muscle· composition is restored to the original or
pristine state over a period of time.

The proportion of muscle fibres found in the claw closer muscle of C. a/bidus
may be influenced by the use of the claw. According to Govind eta/. (1986) and Lang

eta/. (1978), the proportion of muscle fibre types within the claw of developing
lobsters changed with treatments such as rearing without any substrate. More

specifically treatments which reduce active tension of the closer muscle generated by
motor nerve impulses such as tenotomy of the closer muscle and denervation suppress
differentiation of slow fibres and promote differentiating of fast fibres (Govind &
Pearce, 1985).
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5. MAJOR FINDINGS AND FURTHER STUDIES

5.1 Claw Regeneration

The initial sign of regeneration was the blastema erupting from the coxaJ
stump, followed by elongation into an undifferentiated papilla Soon after, a
longitudinal furrow appeared at the tip of the grO\\ing limb bud and over a shan time
the limb bud had fonned into various segments and was mobile. After the first moult,
the dactyl could open and close. Fully regenerated claws were indistinguishable from

pristine claws.

5.2 Pristine Fibre Cbaraeteristies

In pristine claw closer muscle, two fibre types were found: fast fibres with
short sarcomeres (<4 11m), and slow (S,) fibres with long sarcomeres (>9f!m). All

fibres had contractile and regulatory proteins in common. ,,;th each type ha\ing
several unique protein isoforms. Fast fibres had both forms of paramyosin and two
unique proteins, unidentified 75kD protein and troponin T 3. Slow fibres lacked

paramyosin isoform 1, however contained many unique proteins including troponin
T ,, 130K, 27K and 17K. These fibre profiles are similar to other decapod cruSlaceans
(Govind eta/., 1986; Mykles, 1985; Neil eta/., 1983).

Myosin heavy chain was present in greater amounts than actin in both fibre
types, with a greatest difference observed in fast fibres. In addition, slow fibres had
more 88K protein than fast fibres.
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5.3 Regenel'llling Fib...,.

5.3.1 Papilla

The muscle mass in the papilla was undifferentiated into separate fibres, with
a large number of haemoc}1es or possibly nuclei present. The protein profile of the

muscle mass was dominated by 88K protein, with very small amounts of myosin,
actin and regulatory proteins presenL Troponin 1, was present, althougb this protein

was not found in pristine claw muscle. Most unique proteins from fast fibres were
absen4 however. most proteins unique to slow fibres were present.

5.3.2 Closed Dactyl

The closed dactyl stage was a phase of great muscle differentiation. Muscle
fibres were partially or fully differentiated; some \\ith scanered fragments of
san:omeres (2.0-6.5 Jllll), others "ith regular sarcomeres (2.5 J.1m). Many haemoC}1es/
nuclei were still presenL A large proportion of muscle tissue was still undifferentiated.
Tbe protein profiles of the muscle fibres sbowed large variation. Early in the closed
dactyl stage, most of the muscle proteins were present \\ith a large amount of the
88K protein remaining and different isoforms oftroponin.l.ater, almost all proteins
found in fast and slow fibres were present, including all isoforms of troponin.
including troponin 4. and the 75K protein characteristic of fast fibres. This has also

been observed in regenerating lobster claw muscles (Costello eta/., 1984; Costello &
Govind, 1984). Througbout this phase, the ratio of myosin heavy chain to actin was

less 1han one.

l lfJ

In Chera.-c destructor regenerating claw buds at the closed dactyl stage, the
muscle fibres had sarcomere lengths similar to our findings (West eta/., 1995). The
ultrastructural and activation properties of the muscle fibres of Cherax destructor
were typical of fast fibres (West eta/., 1995). This suggests that muscle fibres with

undifferentiated protein profiles may have a fast phenotype.

5.3.3 Open Dactyl to Fully Regenerated

Once the dactyl opened (after moult), the appearance, sarcomere lengths and
protein profiles of the muscle fibres were indistinguishable from pristine fibres, and
both fast and slow fibres were present. However, there was a greater proportion of

slow (S2) fibres in the open dactyl than in pristine claws from the areas sampled (see
Figure 2.3). These results contrast to Govind & Pearce (1985), as they found an

enhancement of fast fibres in regenerating claws of crayfish to that of pristine claws,
however these fast fibres were found centrally in the claw (see Figure 1.5).ln
additio~

the ratio between myosin heavy chain to actin was lees than one in slow

muscle fibres and approximately equal to one in fast muscle fibres. The muscle fibres
of fully regenerated claws were indistinguishable in all aspects from pristine claws.

5.4 Far1ber Studies

The processes that occur in regenerating claw muscle still need to be
investigated. Although ultrastructure structures, sarcomere lengths and contractile
properties have been studied in regenerating claws, an understanding of how these
muscles differentiate is by no means conclusive.

,,,
Protein profiles of muscle fibres arc used as lools to obtain a better overview
of these processes, however, the applil.dtion of other methods would enhance a
stronger perspective. The addition of purification methods such as immunoblotting
can identify the proteins being studied and peptide m~pping may also prove helpful to
distinguish differences of heavy chain isoforms in muscle fibre types and regenerating
muscle. Another method that may be helpful is two-dimensional SDS-PAGE,
separating proteins that are similar in molecular weights and cannot be distinguished
in one-dimensional SDS-PAGE used in this study.
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